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ABSTRACT 
Compulsive eating behavior is a transdiagnostic construct that shares 
many behavioral, neurobiological, and theoretical features with compulsive 
drug use. The focus of this dissertation is to progress a framework for 
compulsive eating behavior, including identification of risk factors for its 
development and examination of functional neuroadaptations to brain reward 
systems in an animal model of compulsive eating.  
We first investigated impulsivity (impulsive choice and impulsive 
action) as a potential vulnerability factor for the development of binge and 
compulsive eating behavior. Impulsivity has been implicated in drug 
addiction as well as eating disorders and obesity, but its exact role in the 
conferment of risk for compulsive eating is unknown. To achieve this, we 
measured impulsive choice (i.e. delay discounting) and impulsive action (i.e. 
motor impulsivity) and subsequent binge-like eating. We observed no effects 
of impulsive choice behavior on binge-like eating of palatable food; however, 
impulsive action predicted higher binge-like eating, higher motivation for 
palatable food, and increased compulsive-eating behavior. Therefore, 
 viii 
impulsive action, but not impulsive choice, predicted the development of 
binge- and compulsive-like eating behaviors. 
The second aim of this dissertation was to investigate functional 
neuroadaptations to brain reward pathways in rats with a history of 
palatable diet alternation, a model of compulsive eating. Overeating of 
palatable food, similar to exposure to drugs of abuse, is hypothesized to cause 
reward deficits via downregulation of mesolimbic dopamine systems. To 
investigate this, we measured sensitivity to d-Amphetamine using behavioral 
and neurochemical methods. To identify potential neuroadaptations to the 
dopamine and dopamine transporter (DAT) systems, we assessed baseline 
NAc-shell dopamine and DAT function in vivo. In rats with a history of 
palatable diet alternation, we observed deficits in the stimulating, reward-
enhancing, and rewarding effects of d-Amphetamine, and impaired d-
Amphetamine-induced dopamine efflux in the NAc-shell. Furthermore, 
dopamine and dopamine transporter systems were downregulated evidenced 
by decreased extracellular NAc-shell dopamine at baseline and decreased 
DAT function.  
These results contribute to an overall framework for compulsive eating 
behavior where initial impulsivity predisposes compulsive eating and 
compulsive eating results in the emergence of reward deficits.  
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PREFACE 
The introduction of this dissertation contains text from Moore CF, 
Sabino V, Koob GF, Cottone P. (2017). Pathological Overeating: Emerging 
Evidence for a Compulsivity Construct. Neuropsychopharmacology 42(7), 
1375-1389.  
 
Chapter II of this dissertation contains text from two published 
manuscripts. The first is Moore CF, Blasio A, Sabino V, Cottone P. (2018) 
Impulsive choice does not predict binge-like eating in rats. Behavioural 
Pharmacology 29(8), 726-731. The second is Velazquez-Sanchez C, Ferragud 
A, Moore CF, Everitt BJ, Sabino V, Cottone, P. (2014) High-trait impulsivity 
predicts food addiction-like behavior in the rat.Neuropsychopharmacology 
39(10), 2463-2472.    
 
Chapter III of this dissertation is in the form of a manuscript, which is 
currently being prepared for publication with the following authors: Moore 
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CHAPTER ONE: Introduction 
Pathological overeating: Evidence for a compulsivity connection 
 




 Compulsive eating behavior is a transdiagnostic construct that is 
characteristic of medical and psychiatric conditions such as forms of obesity 
and eating disorders. While feeding research is moving towards a better 
understanding of the proposed addictive properties of food, the components 
and the mechanisms contributing to compulsive eating are not yet clearly 
defined or understood. Current understanding highlights three elements of 
compulsive behavior as it applies to pathological overeating: 1) habitual 
overeating; 2) overeating to relieve a negative emotional state; and 3) 
overeating despite aversive consequences. These elements emerge through 
mechanisms involving pathological habit formation through an aberrant 
learning process, the emergence of a negative emotional state, and 
dysfunctions in behavioral control. Dysfunctions in systems within 
neurocircuitries which comprise the basal ganglia, the extended amygdala, 




present evidence to relate compulsive eating behavior and addiction and to 
characterize their underlying neurobiological mechanisms. A major need to 
improve understanding of compulsive eating through the integration of 






Compulsivity can be defined as repetitive behaviors in the face of 
adverse consequences, as well as repetitive behaviors that are inappropriate 
to a particular situation. Individuals suffering from compulsions often 
recognize that the behaviors are harmful, but they nonetheless feel 
emotionally compelled to perform them. Compulsivity shares some 
commonalities with impulsivity in that both constructs involve dysfunction in 
inhibitory control, likely mediated by frontal cortex projections to subcortical 
regions, but one defining feature of compulsivity is persistence where 
compulsivity is clearly repetitive and perseverative (Robbins et al., 2012). 
Compulsivity has historical roots in the symptoms related to obsessive 
compulsive disorder, impulse control disorders, and substance use disorders 
and may involve engagement in compulsive behaviors to prevent or relieve 
distress, anxiety, or stress (American Psychiatric Association, 2000; el-
Guebaly et al., 2012; Berlin and Hollander, 2014). 
Compulsive behavior is a central feature of the characterization of not 
only substance use disorders and behavioral addictions, but also of certain 
eating disorders, namely binge eating disorder (BED), of forms of obesity, as 
well as of the recently proposed construct of ‘food addiction,’ (de Zwaan, 2001; 
Gearhardt et al., 2009; American Psychiatric Association, 2013; Davis, 2013; 




persistent drive to use drugs and an inability to control use; analogously, 
food-related pathologies present with an irresistible, uncontrollable urge to 
overeat despite efforts to control this behavior (Davis and Carter, 2009; Hone-
Blanchet and Fecteau, 2014). 
Much attention, and some controversy, has been aimed at defining and 
measuring compulsivity in drug addiction, bringing to light the complexity of 
the interpretation of compulsivity and its underlying etiology (Volkow and 
Fowler, 2000; Koob, 2013b; Piazza and Deroche-Gamonet, 2013; Everitt, 
2014; George et al., 2014; Hopf and Lesscher, 2014; Belin-Rauscent et al., 
2015). However, so far very little work has been done in systematically 
defining compulsivity in the context of excessive eating behavior, leaving a 
gap in the current knowledge. The introduction of the Research Domain 
Criteria (RDoC) framework instituted by the National Institute of Mental 
Health has encouraged the scientific community to move towards a new way 
of classifying mental disorders, based on overarching, high-level domains 
representing validated behavioral functions (The National Institute of Mental 
Health, 2013). This approach has recently been applied to addiction using a 
heuristic framework characterizing dynamic domains common to all 
addictions (Kwako et al., 2016); highlighting the need for an evaluation of 
compulsive eating as a potential transdiagnostic construct across feeding-




This review aims to describe the compulsive eating behavior which 
appertains to disorders of eating, such as BED, some forms of obesity, and 
food addiction. Additionally, it intends to clarify the most commonly accepted 
definitions of compulsivity postulated in the context of drug addiction as they 
apply to compulsive eating behavior. Drug addiction has been characterized 
as being composed of 3 stages: binge/intoxication, withdrawal/negative 
affect, and preoccupation-anticipation; these 3 stages, which provide a 
powerful impetus for the compulsive drug-seeking behavior, reflect incentive 
salience/pathological habits, reward deficits/stress surfeit, and executive 
function deficits, respectively (Koob and Volkow, 2016). We here claim that 
these same processes are responsible for the development of compulsive 
eating behavior of highly palatable food (i.e. preferred foods rich in fat and/or 
sugars). Therefore, by analogy, three elements of compulsive eating behavior 
can be derived: 1) habitual overeating (Smith and Robbins, 2013; Tomasi and 
Volkow, 2013); 2) overeating to relieve a negative emotional state (Cottone et 
al., 2009a; Parylak et al., 2011); 3) overeating despite aversive consequences 
(Johnson and Kenny, 2010; Cottone et al., 2012). Similarly to what is 
observed in drug addiction, these elements of compulsive eating behavior are 
not always differentiable through observation, but can be attributed to 




In this review, we will first describe the different disorders of eating 
characterized by compulsivity, and then define the three elements of 
compulsive eating. Within each element, we first summarize original and 
review articles important to the conceptualization of that element of 
compulsivity in addiction (drugs of abuse as well as food). We then describe 
studies, first in humans, and then in animals, detailing the behavioral 
manifestations of that element in feeding and eating related disorders. 
Finally, we discuss the neurobiological substrates hypothesized to underlie 
these processes in feeding-related disorders in humans and animals. The 
overall goal of this review is to systematically breakdown the proposed 
elements of compulsive eating within the heterogeneous disorders of feeding 
behavior.  
 
Compulsive eating in forms of obesity and eating disorders: Prevalence and 
significance  
Compulsive eating behavior is characteristic of multiple disorders of 
eating, including BED, certain forms of obesity, and the newly proposed 
construct of ‘food addiction’ (diagnostic criteria for these disorders can be 
found in Table 1; Volkow et al., 2008a; APA, 2013; Gearhardt et al., 2016). 
While diagnoses for BED and food addiction necessitate compulsive eating 




overweight/obesity is neither necessary nor sufficient to characterize 





Table 1. Diagnostic criteria for disorders associated with compulsive 
overeating. 
 
Disorder Diagnostic Criteria Reference 
Obesity BMI greater than or equal to 30 [BMI = body 





1. Marked distress regarding binge eating is 
present 
A diagnosis of 
BED is given 
when these 5 





2. Recurrent episodes of binge eating 
characterized by 1) eating within a 2-hr 
period of time an amount of food larger 
than what most people would eat in a 
similar period of time under similar 
circumstances and 2) a sense of lack of 
control over eating during the episode 
3. Binge eating episodes are associated with 
three (or more) of the following cognitive 
symptoms 
i. Eating much more rapidly than normal 
ii. Eating until feeling uncomfortably full 
iii. Eating large amounts of food when not 
feeling physically hungry 
iv. Eating alone because of feeling 
embarrassed about how much one is 
eating 
v. Feeling disgusted with oneself, depressed, 
or very guilty afterward 
4. Binge eating occurs, on average, at least 
once a week for 3 months 
5. Binge eating is not associated with the 
recurrent use of inappropriate compensatory 
behaviors (e.g. purging) and does not occur 
exclusively during the course of bulimia 
nervosa or anorexia nervosa. 
   






Clinically significant impairment or distress 
AND (2 or more of the following criteria) 
A diagnosis is 
given when 
impairment or 
distress is met 





given based on 
the number of 
criteria. 2-3 = 
mild, 4-5 = 




1. Consumed more (larger amount and for a 
longer period) than planned 
2. Unable to cut down or stop 
3. Great deal of time spent  
4. Important activities given up or reduced 
5. Use despite knowledge of 
physical/emotional consequences 
6. Tolerance (increase in amount, decrease 
in effect) 
7. Withdrawal (symptoms, substance taken 
to relieve withdrawal) 
8. Craving, or strong desire 
9. Failure in role obligation 
10. Use despite interpersonal/social 
consequences 
11. Use in physically hazardous situations 
*Food addiction is not yet accepted as a DSM-V disorder; these criteria were 
adapted by Gearhardt et al. (2016) from the Substance-related and addictive 






Obesity is becoming increasingly prevalent: with more than one third 
(35%) of the United States population being obese, resulting in an estimated 
$147 billion cost per year (Finkelstein et al., 2009; Ogden et al., 2014). While 
in the general population the prevalence of BED and food addiction are much 
lower (an estimated 2-5% and 5-15% for BED and food addiction, 
respectively; de Zwaan, 2001; Gearhardt et al., 2009; Davis et al., 2011; 
Kessler et al., 2013), these numbers increase 2-3 fold in obesity treatment-
seeking populations (i.e. Weight Watchers, low-energy diet, bariatric surgery; 
de Zwaan, 2001; Pursey et al., 2014).  
Individuals with BED and food addiction are much more likely to be 
overweight/obese (an estimated 40-70%, respectively; Dingemans and van 
Furth, 2012; Kessler et al., 2013; Pursey et al., 2014). Obesity and BED are 
associated with significant impairments in health-related quality of life, 
increased direct healthcare costs, and higher prevalence of comorbid 
psychiatric conditions (Wolf and Colditz, 1998; Fontaine and Barofsky, 2001; 
Dickerson et al., 2011; Halfon et al., 2013; Kessler et al., 2013; Agh et al., 
2016). Individuals with food addiction have self-reported impairment and 
distress due to symptoms, and in adults with obesity and/or BED, an 
additional diagnosis of food addiction is associated with greater pathology 
and comorbid psychiatric disorders (Davis et al., 2011; Gearhardt et al., 




disorders may reflect shared etiologies and/or underlying mechanisms, 
manifesting in some cases through compulsive eating behaviors. 
 
Elements of Compulsive Eating Behavior 
Compulsive eating behavior is posited to be a combination of one or 
more of the following elements: 1) habitual overeating, 2) overeating to relieve 
a negative emotional state, and 3) overeating despite aversive consequences. 
We propose that these elements emerge from dysfunctions of brain areas 
involved in reward learning, emotional processing, and inhibitory control. 
While each of these processes involves multiple regions within interconnected 
circuits, for the purpose of this review, we will focus on three specific key 
areas implicated in the above discussed elements: the basal ganglia, the 
extended amygdala, and the prefrontal cortex (see Table 2 for a summary of 
features). Importantly, we acknowledge that these elements, although part of 
a unifying construct, are not mutually exclusive, nor would they all be 


























Inability to reduce 
eating or seeking 
behavior following 



























Eating to cope 
with negative 




Cottone et al., 
2009a; Parylak 








Eating persists in 
conditions where 




Heyne et al. 
2009; Balodis 
et al., 2013b; 








Psychobehavioral feature: maladaptive habit formation 
Maladaptive habit responding is hypothesized to begin with Pavlovian 
conditioning mechanisms (Belin and Everitt, 2008). Environmental food-
associated stimuli, known as conditioned reinforcers, can robustly enhance 
the desire to eat even in absence of food per se or in absence of physiological 
needs (Everitt and Robbins, 2005; Robinson et al., 2015). With repeated 
pairings of a cue (conditioned stimulus) with food (unconditioned stimulus), 
the learned cue itself becomes salient (termed incentive salience), therefore 
triggering intense urges to obtain the associated reward, and also acts as a 
conditioned reinforcer able to maintain food-seeking in the absence of food 
presentation (Giuliano et al., 2012; Velazquez-Sanchez et al., 2015). 
Habit formation is the end result of an adaptive learning process 
where voluntary actions become habitual through the reinforcement of these 
behaviors. It is hypothesized that compulsive behavior may reflect a 
maladaptive stimulus-response habit that was once a flexible and voluntary 
goal-directed behavior (Everitt and Robbins, 2005; Ostlund and Balleine, 
2008; Lucantonio et al., 2014; Halbout et al., 2016). Habits are formed 
through repeated reinforced action until the stimulus-response association 
lapses the goal of the behavior (e.g. the palatable food or drug) as the 




devaluation procedures are often used to assess whether a response has 
become habitual, through the measurement of perseverative responding after 
the value of the outcome (i.e. drug/food reward) has been reduced. Habits can 
be considered compulsive when they persist despite devaluation, or a 
reduction in reinforcer efficacy (Everitt and Robbins, 2005). Analogously to 
what is observed in drug addiction, in compulsive eating disorders, the 
inability to adapt eating behavior based on the motivational value of the 
outcome may reflect a compulsive habit (Everitt and Robbins, 2005; Voon et 
al., 2015; Corbit, 2016).  
Some evidence suggests that obese individuals are less sensitive to 
devaluation, indicative of increased habitual control over food intake. 
Specifically, a study found that higher body mass index (BMI) was inversely 
related to sensitivity of a food-seeking response to earlier consumption of that 
reward (Horstmann et al., 2015). This may suggest difficulty in adapting 
behavior subsequently contributing to food seeking or overconsumption; 
however, differences in respect to habituation to food may confound 
assessments using specific satiety as a measure of devaluation in obese 
participants (Epstein et al., 2009). Another study indicated a bias for 
individuals with BED to engage in habit learning devices compared to other 
types of learning, also seen in individuals with methamphetamine addiction 




learning may underlie the compulsive habit responding that is characteristic 
of these disorders and represent a dysfunction in a neurocomputational 
mechanism of learning. In addition, individuals with BED, food addiction, 
and obesity all show heightened sensitivity and attentional biases to food 
cues at a behavioral level (Meule et al., 2012; Garcia-Garcia et al., 2013; 
Schmitz et al., 2014; Hendrikse et al., 2015; Shank et al., 2015).These 
measures of increased sensitivity are related to food seeking, eating 
(Lawrence et al., 2012), BMI (Shank et al., 2015), and severity of self-
reported symptoms (Schmitz et al., 2014). 
In animal models of addiction, habitual responding is measured 
through the persistence of responding following a devaluation of the reward 
outcome, such as the addition of bitter-tasting quinine, lithium-chloride 
induced post-ingestive malaise, or specific satiety, where free access to the 
reward is given prior to the test. Similar to extended drug self-
administration, prolonged intermittent access to palatable food was shown to 
accelerate the shift from voluntary to habitual food seeking (Furlong et al., 
2014). Analogous to drugs of abuse, highly palatable food consumption can 
influence habitual responding, cognitive control, and learning to a greater 
degree than food with lower palatability (Smith et al., 2015b; Velazquez-




Drug and food-associated stimuli are able to elicit and maintain 
compulsive seeking behavior associated with drug or food craving (Everitt 
and Robbins, 2016). A classical experimental procedure used to discern 
seeking behavior from intake, is using a second order schedule of 
reinforcement, where responding on a seeking lever is maintained not only by 
the self-administered drug/food, but also by contingent presentation of 
reinforcer-paired stimuli that serve as conditioned reinforcers of 
instrumental behavior (Everitt and Robbins, 2000; Velazquez-Sanchez et al., 
2015). In this procedure, the first interval acquires particular relevance, as it 
is not influenced by the presence of the reinforcer (Everitt and Robbins, 
2000). In drug addiction, seeking responses become resistant to devaluation 
through extinction or through the introduction of unpredictable shock over 
time in compulsive-like animals (Belin et al., 2008; Zapata et al., 2010). 
However, studies have not yet shown resistance to devaluation on food 
seeking behavior under this schedule. In addition, related compulsive-like 
food seeking behaviors seen in animals include continued responding on a 
food-paired lever during a period of signaled nonavailability (Mancino et al., 
2015), and cue-induced reinstatement of responding following extinction 






Neurobiological substrate: the basal ganglia  
Structures of the basal ganglia, including the nucleus accumbens 
(NAc) and the dorsal striatum, are highly involved in the 
rewarding/reinforcing effects of food/drugs and in instrumental/habitual 
learning, respectively (Everitt and Robbins, 2005). One of the neurochemical 
similarities of food and drugs of abuse is the increase in extracellular 
dopamine in the NAc following exposure to associated cues (Day et al., 2007; 
Stuber et al., 2008). This potentiated dopaminergic neurotransmission to cues 
is hypothesized to result in increased incentive salience, and may similarly 
enhance habit learning (Everitt and Robbins, 2016), contributing to the 
emergence of compulsive-like behavior (dopamine system further discussed in 
the ‘overeating to relieve a negative emotional state,’ below; (Pecina and 
Berridge, 2005; Robinson et al., 2015)). In a study that used functional 
magnetic resonance imaging (fMRI), researchers found decreased activation 
in the caudate nucleus of the striatum (involved in goal-directed actions) and 
increased activity of the putamen (involved in habit responding) to palatable 
food taste in obese subjects as compared to healthy weight controls (Babbs et 
al., 2013). Thus, certain functional differences may exist in response to 
palatable food in habit-driven regions of the brain in obese individuals. There 
is also some evidence for associated structural differences in these habit-




BED displayed an increased tendency to engage in habit-based responding, 
associated decreases in ventral and dorsal striatal gray matter volume and 
corresponding prefrontal projection areas compared to those without BED. 
This study suggests that impaired goal-directed learning in individuals with 
BED may be reflected in accelerated habit formation and structural 
abnormalities in areas responsible for action-outcome associations.  
The habit-learning processes implicated in the shift to addiction are 
accompanied by a ventral to dorsal striatal shift in the basal ganglia in 
control over behavior. While the NAc is critical for the acquisition of drug or 
food self-administration (goal-directed responding), the dorsal striatum is 
necessary for habitual behavior (Belin and Everitt, 2008; Corbit et al., 2012). 
Rats exposed to intermittent access to palatable food display a loss of goal-
directed actions for food reward coupled with greater activation of the 
dorsolateral striatum (Furlong et al., 2014). Habitual behaviors are also 
influenced by indirect amygdalar projections to the dorsolateral striatum 
(Lingawi and Balleine, 2012) and prefronto-cortical control of flexible, goal-
directed actions per its executive-inhibitory control functions. Thus pre-
existing vulnerabilities and/or modulation of frontal areas by palatable food 
are hypothesized to contribute to or exacerbate predominance of the shift to 
dorsal striatal control over habitual behavior (Everitt and Robbins, 2016). 




cortical system influence the dorsal striatal-mediated facilitation of habit 
formation. This evidence is one demonstration that the different elements of 
compulsivity are not mutually exclusive and are based on overlapping 
neurobiological substrates. 
 
Overeating to relieve a negative emotional state  
Psychobehavioral feature: Emergence of a negative affect 
Performing a behavior such as taking a drug or ingesting palatable 
food for the purpose of alleviating a negative emotional state is another 
important element that defines compulsive behavior (Koob, 2009; Koob and 
Volkow, 2010; Parylak et al., 2011). This element of compulsivity is rooted in 
the conceptual framework underlying obsessive-compulsive disorder, which is 
characterized by anxiety and stress before committing a compulsive behavior, 
and relief from that stress by performing the behavior (Koob and Le Moal, 
2008). Two distinct, but overlapping, processes are hypothesized to underlie 
this withdrawal-induced negative affect: decreased reward and increased 
stress. Decreased reward function is characterized by affective habituation 
and loss of motivation for ordinary rewards (Koob, 1996; Parylak et al., 2011). 
Negative affect also derives from recruitment of the brain stress systems, 
which are hypothesized to be repeatedly engaged during drug or palatable 




and anxiety. Thus, as drug taking/eating becomes compulsive, the factors 
motivating behavior are hypothesized to shift: while at first the behavior is 
positively reinforced, later compulsivity would arise from negatively 
reinforcing mechanisms, such as the relief of the negative emotional 
symptoms of withdrawal (Koob and Le Moal, 2001; Teegarden and Bale, 
2007; Cottone et al., 2009a; Parylak et al., 2011; Iemolo et al., 2012). It should 
be noted that withdrawal in this context is separate from classically defined, 
purely “physical” symptoms that occur upon removal of the substance 
(O'Brien, 2011). Instead, the motivational withdrawal syndrome, 
characterized by dysphoria, anxiety, and irritability when the reward sought 
is not available (Koob et al., 1997), is present in disorders of feeding and can 
drive compulsive eating behavior (Wray and Dickerson, 1981; Tao et al., 
2010).  
The concept of “withdrawal” is very different in compulsive eating 
compared to drug addiction. Indeed, while drug users may quit drugs, 
abstinence from certain foods is achieved by dieting, reflected by a reduction 
in calories ingested and/or a shift from energy-dense, highly palatable 
“forbidden” foods to energy-diffuse, less palatable “safe” foods (Gonzalez and 
Vitousek, 2004; Stirling and Yeomans, 2004). In support of this, many reports 
have shown that obese people who started a dieting regimen report not only 




Stunkard, 1957; Silverstone and Lascelles, 1966). Furthermore, there is 
evidence that switching from a high-to low-fat diet can have adverse effects 
on mood (Wells et al., 1998). Indeed, dietary restraint is known to correlate 
with stress and depressive symptoms (Kagan and Squires, 1983; Rosen et al., 
1987; Eldredge et al., 1990; Rosen et al., 1990), and these correlate with 
overeating in response to stress (Heatherton et al., 1991; Greeno and Wing, 
1994), perhaps reflecting an attempt to self-soothe or self-medicate with 
“comfort” foods (Macht, 2008; Tomiyama et al., 2011) as this eating can 
effectively dampen down the body’s stress response (Pecoraro et al., 2004). 
Furthermore, the Kaplan and Kaplan theory proposes that obese people 
overeat when anxious and that eating reduces this anxiety (Kaplan and 
Kaplan, 1957). Similarly, Bruch's theory proposes that overeating occurs in 
response to ‘emotional tension’ and ‘uncomfortable sensations and feelings” 
(Bruch, 1973). Taken together, these studies support the hypothesis that 
dieting may precipitate a negative emotional state, or an ‘affective 
withdrawal,’ and that compulsive eating may be maintained through a 
negatively reinforced mechanism (for further review, see Parylak et al., 
2011). 
While withdrawal from palatable food is responsible for the emergence 
of negative affect and, in turn, hypothesized to drive compulsive eating 




food also often implicates caloric restriction, which has well-known effects on 
rebound binge-eating and weight gain (Mann et al., 2007; Stice et al., 2008a). 
A potential mechanism for this phenomenon is that food restriction itself 
causes neuroadaptations that promote certain compulsive behaviors, which 
includes compulsive-like eating as well as increased drug seeking in animals 
(Shalev, 2012; Sedki et al., 2015; Carr, 2016). However, it is important to 
distinguish that although food restriction and exposure to highly palatable 
food may produce similar behavioral outcomes, differential 
neuropsychopharmacological mechanisms likely mediate their effect (Cottone 
et al., 2009b; Cottone et al., 2012; Smith et al., 2015b).  
Notably, in addition to a perpetuation of compulsive eating, negative 
affective states that include symptoms associated with depression and 
anxiety may also confer vulnerability to (i.e. predate) eating disorders and 
some forms of obesity, just as in addiction to drugs (Dallman et al., 2003; 
Rosenbaum and White, 2015). For example, individuals with BED have 
greater rates of psychiatric comorbidities involving negative emotional states 
compared to the general population and to weight matched controls (Peterson 
et al., 2005; Galanti et al., 2007). These negative emotional states are 
associated with greater binge eating behavior (Wilfley et al., 2000) and 
predict poorer treatment outcomes (Clark et al., 1996; McGuire et al., 1999; 




vulnerability may reflect some degree of an already constituted state of 
allostasis; or a deviation from a “normal” range of reward function (Koob and 
Le Moal, 2001).  
In animal models, repeated, intermittent access to palatable food leads 
to spontaneous (Cottone et al., 2008b; Cottone et al., 2009b; Iemolo et al., 
2012; Sharma et al., 2013a) or pharmacologically precipitated (Colantuoni et 
al., 2002; Avena et al., 2008a; Blasio et al., 2013a) emotional signs of 
withdrawal, such as anxiety- and depressive-like behavior, and enhanced 
stress-responsiveness. Following exposure to a high-fat diet, rats show 
elevated brain stimulation reward thresholds (decreased reward; Johnson 
and Kenny, 2010). A similar decreased reward system functioning is also 
observed in obesity-prone rats, prior to the development of obesity (Valenza 
et al., 2015), indicating that the decreased reward system functioning is both 
a vulnerability factor (Valenza et al., 2015), as well as a consequence of, the 
overconsumption of palatable food (Johnson and Kenny, 2010). Renewing 
access to palatable food following abstinence induces overconsumption of 
palatable food (Colantuoni et al., 2002; Avena et al., 2008a; Cottone et al., 
2009b; Rossetti et al., 2014), and this renewed access is able to relieve 
withdrawal-induced depressive and anxiety-like behaviors (Iemolo et al., 




eating can contribute to the emergence of a negative emotional state, and 
that relief of anxiety or stress can drive compulsive eating behavior.  
 
Neurobiological substrates: the basal ganglia and extended 
amygdala 
The neurobiological substrates which underlie this element of 
compulsivity are dual: within-system neuroadaptations, which refer to the 
downregulation of reward neurotransmission (Koob and Bloom, 1988), and 
between-system neuroadaptations, which refer to the recruitment of the 
brain “antireward” stress systems during food withdrawal (Parylak et al., 
2011).  
Consumption of palatable food is hypothesized to result in within-
system neuroadaptations through repeated stimulation, during which a form 
of sensitization of incentive salience initially occurs (Robinson and Berridge, 
1993), and eventually desensitization of the mesolimbic dopamine system, 
therefore creating deficiencies in reward signaling. In populations with BED 
and obesity, there is evidence to support a hypofunctioning of the midbrain 
dopamine system (described below); however, no research has focused on 
directly linking this phenomenon to compulsive eating as opposed to 
bingeing. Balodis et al. (2013a) found that binge eating individuals had lower 




this decrease was associated with increased incidence of binge eating (Balodis 
et al., 2014). In animal models, high fat and high sugar diets induce 
alterations in dopaminergic system, such as downregulated dopamine 2 
receptors (D2DRs) in the striatum (Colantuoni et al., 2001; Johnson and 
Kenny, 2010), reduced basal levels of dopamine in the NAc (Rada et al., 
2010), and alterations in dopamine transport and turnover (Hajnal and 
Norgren, 2002; Bello et al., 2003). Over time, the once rewarding properties of 
the palatable food are diminished, reflecting a decrease in dopaminergic 
transmission in the ventral striatum (Bello et al., 2002; Hajnal and Norgren, 
2002; Bello et al., 2003). Overeating may therefore reflect the need to 
reactivate a hypofunctional reward circuit (Wang et al., 2001; Geiger et al., 
2009). However, it is important to note that dopaminergic signaling within 
striatal areas may be dynamic, where under certain experimental conditions, 
dopamine signaling in response to food bingeing-related cues remains high 
(Rada et al., 2005; Avena et al., 2008b; Corwin et al., 2011), resulting in a 
persistence of sensitization of incentive salience (Robinson and Berridge, 
1993), despite a compromised reward system. 
A key between-system neuroadaptation implicated in the emergence of 
a negative emotional withdrawal state is the recruitment of the stress 
systems in the extended amygdala. While neuroimaging studies in humans 




calorie food-cues compared to low-calorie food cues (measured using fMRI; 
Stoeckel et al., 2008) and altered resting functional connectivity with cortical 
areas (Lips et al., 2014) in obese compared to lean subjects, much of what is 
known in its role in compulsive eating is from preclinical research. 
Specifically, animal studies have demonstrated neuroplasticity in these 
circuits including the recruitment of corticotropin-releasing factor (CRF) and 
its type-1 receptor (CRFR1) in the extended amygdala. The CRF-CRFR1 
system is a key player in mediating responses to stressors and it contributes 
to the maintenance and resumption of addictive behaviors (Koob and Zorrilla, 
2010; Shalev et al., 2010; Koob et al., 2014). Extended access to drugs and 
palatable food engages the CRF–CRFR1 system (Cottone et al., 2009a; Koob 
and Zorrilla, 2010; Iemolo et al., 2013). During palatable food withdrawal, 
CRF expression and CRFR1 electrophysiological responsiveness is increased 
in the central amygdala (CeA), which are accompanied by withdrawal-
dependent arousal and anxiety-like behavior. (Teegarden and Bale, 2007; 
Teegarden and Bale, 2008; Cottone et al., 2009a; Iemolo et al., 2013). 
Furthermore, selective CRFR1 antagonists block anxiety-like behavior seen 
during withdrawal from palatable food when directly administered into the 
CeA (Cottone et al., 2009a; Iemolo et al., 2013), and block stress-induced 
binge-like eating when administered into the bed nucleus of the stria 




The recruitment of the brain stress systems in the extended amygdala 
is also accompanied by compensatory mechanisms to oppose these effects. 
The endocannabinoid system is considered one of several “buffer systems” 
which acts to restore homeostasis to amygdalar circuits (Sidhpura and 
Parsons, 2011; Hillard et al., 2012; Koob, 2015). Withdrawal from palatable 
food increases the endocannabinoid 2-arachidonoylglycerol (2-AG) and 
cannabinoid receptor 1 (CB1R) levels in the CeA (Blasio et al., 2013a). 
Infusion of the CB1R inverse agonist rimonabant into the CeA precipitates 
anxiety-like behavior and anorexia during palatable food withdrawal (Blasio 
et al., 2013a; Blasio et al., 2014a). We, therefore, hypothesize that the 
endocannabinoid system of the amygdala is recruited during withdrawal 
from palatable food as a compensatory mechanism to dampen anxiety. Thus, 
compelling evidence exists to argue that plasticity in the brain stress 
systems, a heretofore largely neglected component of addiction, is triggered 
by acute excessive drug/palatable food intake, is sensitized during repeated 
withdrawal, persists into protracted abstinence, and contributes to the 








Overeating despite aversive consequences  
Psychobehavioral feature: Failure of inhibitory control  
Loss of control over food and drug seeking and taking behavior is 
considered an intractable aspect of addiction, resulting in continued use 
despite many incurring negative consequences under which behaviors would 
typically be suppressed (Deroche-Gamonet et al., 2004; Vanderschuren and 
Everitt, 2004; Hopf and Lesscher, 2014; Rossetti et al., 2014; Velazquez-
Sanchez et al., 2014). Maladaptive eating behavior can result in medical 
conditions associated with weight gain, as well as social impairment, 
emotional problems, and psychiatric disorders (WHO, 2000; Warschburger, 
2005; Klatzkin et al., 2015). However, despite the many resulting negative 
consequences of the behavior, the individual finds it very difficult to stop. 
‘Loss of control’ is thought to result from deficits in inhibitory control 
mechanisms responsible for the suppression of inappropriate actions. These 
deficits likely confer vulnerability to the addictive behavior and/or emerge 
from persistent and prolonged drug use or palatable food overconsumption 
(Lubman et al., 2004; Chen et al., 2013; Volkow et al., 2013a).  
Individuals with disorders of compulsive eating behavior show poor 
performance on tasks of executive function and inhibitory control related to 
food, such as limiting responses, inhibiting cravings, or delay discounting 




These deficits are associated with further weight gain (Seeyave et al., 2009; 
Pauli-Pott et al., 2010) and poorer response to weight loss treatment 
(Murdaugh et al., 2012). This loss of control over eating often persists despite 
the multitude of adverse events encompassing physical, psychological and 
social problems that arise or are exacerbated by overeating. Individuals who 
compulsively overeat are, indeed, often plagued with distress following 
overeating, citing reactions of shame, denial, rationalization, and blaming, as 
well as feelings of a loss of control (Lyons, 1998). When these negative 
emotional and physical consequences outweigh the desirable effects of 
palatable food, people often attempt to diet and to avoid triggering foods 
(Curtis and Davis, 2014), even though most relapse into unhealthy eating 
habits (Halmi, 2013).  
Under this theoretical framework, compulsive-like behavior is 
operationalized in preclinical research as the obtainment of or the search for 
a reward in spite of adverse conditions or consequences (Vanderschuren and 
Everitt, 2004; Belin et al., 2008; Barnea-Ygael et al., 2012; Cottone et al., 
2012; Smith et al., 2015b). Multiple paradigms have suggested that 
compulsive-like eating behavior can become evident following a history of 
palatable food consumption (i.e. high in fat and/or sugar; Di Segni et al., 
2014). For instance, animals display compulsive-like behavior such as 




shock (Rossetti et al., 2014) or a conditioned stimulus that signals an electric 
shock (Latagliata et al., 2010; Nieh et al., 2015; Velazquez-Sanchez et al., 
2015). Animals will also continue to eat palatable food even when they must 
endure an aversive condition (i.e. crossing a novel, bright, and potentially 
dangerous environment to obtain it; Oswald et al., 2011; Cottone et al., 2012; 
Dore et al., 2014; Calvez and Timofeeva, 2016) or working through a 
progressive ratio procedure where the cost of responding increases with each 
reward (Velazquez-Sanchez et al., 2014).  
 
Neurobiological substrates: The prefrontal cortex 
Dysfunctions in multiple prefronto-striatal circuitries are hypothesized 
to underlie compulsive behaviors, and specifically loss of control. Within the 
prefrontal cortex (PFC), two opposing systems are postulated: one which 
drives craving and re-engages habits (a “GO” system; dorsolateral PFC 
[dlPFC], anterior cingulate [ACC], and orbitofrontal cortex [OFC]), and one 
which instead inhibits this drive through the assessment of the incentive 
value of choices and suppression of emotional responses to stimuli (a “STOP” 
system; ventromedial PFC [vmPFC]; Koob and Volkow, 2016). In addictive 
disorders, these systems become unbalanced, such that on one side, PFC 
areas are hyperresponsive to food cues, while on the other side, a general 




the disinhibition of the basal ganglia the and stress systems of the amygdala 
(Koob and Volkow, 2016).  
Cue-induced activation of PFC regions drives craving through 
functional connections with the striatum (Tomasi and Volkow, 2013). Both 
drug addicted and obese individuals show abnormal activation of PFC regions 
following cue-exposure, and this activation correlates with levels of elicited 
craving for drugs or food (Volkow et al., 1993; Volkow and Fowler, 2000; 
Volkow et al., 2008b; Tomasi and Volkow, 2013). In compulsive eating, this 
increased activation is thought to re-engage the basal ganglia circuitry 
involved in habitual overeating. Consistent with the above, a treatment 
approach directly targeting the dlPFC with transcranial direct current 
stimulation (tDCS) was shown to be effective in reducing craving for 
palatable food in binge eating women (anode right/cathode left, excitatory 
and inhibitory, respectively; Kekic et al., 2014). This effect of tDCS may be 
effectively attenuating the “cue-induced craving” circuit modulated by the 
dorsolateral PFC, or alternatively, through boosting inhibitory control 
systems by its connectivity to the vmPFC (Hare et al., 2014). 
In BED, PFC dysregulation is associated with deficits in inhibitory 
control (Boeka and Lokken, 2011; Balodis et al., 2013b; Hege et al., 2015). In 
addition, diminished activation of vmPFC during an inhibitory control task 




BED, but not in obese controls (Balodis et al., 2013b). A study using positron 
emission topography observed decreased glucose metabolism in prefrontal 
areas of obese populations, which correlated with lower D2DR striatal levels 
(Volkow et al., 2008b). Since lower amounts of D2DRs in the striatum are 
associated with lower inhibitory control (i.e. higher impulsivity; Klein et al., 
2007), it is hypothesized that these deficits in PFC activity may cause 
disinhibition of impulsivity circuits in the ventral striatum (Volkow et al., 
2008b; for further review see Kessler et al., 2016). 
Modulation of the medial PFC (mPFC) glutamatergic projections (both 
the “GO” and “STOP” systems) is a promising therapeutic target for 
compulsive eating. For example, µ-opioid antagonists have been shown to 
reduce attentional biases for food cues (Chamberlain et al., 2012). Memantine 
(an N-methyl-D-aspartate glutamate receptor (NMDAR) uncompetitive 
antagonist) was found to reduce binge eating as well as “disinhibition” of 
eating behaviors (Brennan et al., 2008). Memantine has also been shown to 
reduce impulsivity and enhance cognitive control in compulsive shoppers 
(Grant et al., 2012), a proposed behavioral addiction. Furthermore, Sigma 1-
receptors (Sig1Rs), though not yet tested in humans, are regarded as a 
promising target for addiction, among other psychiatric disorders, and are 
known to modulate the PFC glutamatergic system (Alonso et al., 2000; Dong 




Animal models have demonstrated the involvement of prefrontal µ-
opioid receptors, Sig1Rs, NMDARs, and recently the Trace Amine-Associated 
Receptor-1 (TAAR1) in compulsive-like eating behavior (Blasio et al., 2014b; 
Velazquez-Sanchez et al., 2014; Selleck et al., 2015; Smith et al., 2015b; 
Ferragud et al., 2016). Specifically, using a model of compulsive-like eating 
(Cottone et al., 2012), limited access to a highly palatable diet increased 
levels of the gene coding for the opioid peptide pro-opiomelanocortin (POMC) 
and suppressed the expression of the pro-dynorphin (PDyn) gene in the 
mPFC; and administration of the opioid antagonist naltrexone directly into 
the mPFC reduced binge-like eating (Blasio et al., 2014b). These effects are 
thought be driven by modulation of inhibitory control, likely through effects 
of PFC opioids on glutamatergic signaling to NAc targets (Mena et al., 2011; 
Mena et al., 2013; Selleck et al., 2015).  
Sig1Rs, known to modulate alcohol and drug reinforcement (Sabino et 
al., 2009a; Sabino et al., 2009b; Sabino et al., 2011; Robson et al., 2012; Blasio 
et al., 2015), also appear to mediate compulsive-like eating in animal models. 
Limited access to palatable food increases the Sig1R expression levels in 
prefronto-cortical regions of the brain, and systemic administration of BD-
1063, a Sig1R antagonist, decreased compulsive-like eating (Cottone et al., 
2012). Similarly, TAAR1 receptors, a system associated with inhibitory 




downregulated in the mPFC following binge-like eating, and TAAR1 agonist 
infusion into the infralimbic cortex blocked compulsive-like, binge eating 
(Ferragud et al., 2016). Both the Sig1R and TAAR1 systems in the mPFC 
may therefore influence glutamatergic signaling in cortico-striatal pathways, 
each contributing to compulsive-like behavior (Kalivas and Volkow, 2005; 
Dong et al., 2007; Cottone et al., 2012; Espinoza et al., 2015b). Accordingly, 
systemic treatment with NMDAR uncompetitive antagonist memantine 
blocks compulsive-like eating and microinfusion of memantine directly into 
the NAc reduces binge-like eating (Smith et al., 2015b).  
Thus, it is likely that two mechanisms intersect in the frontal cortex to 
contribute to compulsive eating: prefrontal circuits re-engage striatal regions 
to activate craving (see habitual overeating section above), and dysregulation 
of prefrontal circuits produces disinhibition of both impulsive acts (via the 
basal ganglia) and stress reactions (via the extended amygdala; see 




Figure 1. Neurobiology of the elements of compulsive overeating 
The key systems that underlie the elements of compulsive eating are: 
1) the basal ganglia, 2) the extended amygdala, and 3) the prefrontal cortex. 
The basal ganglia (shown in blue) consist of multiple subcortical nuclei, such 
as the nucleus accumbens (NAc), which is involved in the rewarding and 
reinforcing effects of food, and the dorsal striatum, which is involved in 
instrumental learning and habitual behavior. The basal ganglia contribute to 
habitual overeating that can arise from maladaptive habit formation 
processes. The extended amygdala (shown in red) is a basal forebrain 
composite structure encompassing the central nucleus of the amygdala (CeA), 
the bed nucleus of the stria terminalis (BNST), and a transition area in the 
medial and caudal portions of the NAc. The brain stress systems in the 
extended amygdala mediate overeating to relieve a negative emotional state 
that emerges from withdrawal processes. Prefronto-cortical regions (shown in 
green) include the medial prefrontal (mPFC, comprised of dorsolateral 
[dlPFC] and ventromedial [vmPFC] regions), anterior cingulate (ACC), and 
orbitofrontal (OFC) cortices; these areas control cognitive functions such as 
decision making and response inhibition through interactions with 
subcortical structures such as the basal ganglia and the extended amygdala. 
Dysfunctions in the PFC are hypothesized to underlie overeating despite 




Figure modified from Koob GF, Arends MA, Le Moal M. Drugs, Addiction, 











As described above, compulsive eating behavior is a pathological form 
of feeding that phenotypically, neurobiologically, and conceptually resembles 
compulsive behavior associated with both drugs of abuse and behavioral 
addictions. Preclinical research on feeding, represented largely by studies on 
obesity, has been hampered by the predominant classical view of eating as a 
mere energy-homeostatic behavior, ignoring forms of overeating that are 
compulsive in nature. This limited view has hindered the methodological 
advance on more complex behavioral expressions of pathological feeding and, 
in turn, on our understanding of the underlying neurobiological substrates. 
However, it should be noted that eating behavior is under control of multiple 
mechanisms (often compartmentalized in homeostatic and hedonic 
components), which are far from independent, and thus cannot be studied 
without consideration of the other. While the study of the interaction of these 
two components in relation to the study of basic eating processes has been 
rapidly increasing in the scientific community, a bigger effort will be needed 
to investigate it in the context of compulsive eating. 
The parallels drawn between drugs of abuse and food have led to the 
question of whether forms of compulsive eating in human and animal 
subjects may predispose to compulsive drug use and vice versa. Few studies 




disorders characterized by compulsive eating; for example, there is data of an 
increased prevalence of substance abuse disorders in individuals with binge 
eating disorder (Javaras et al., 2008). Evidence in obesity is instead mixed, 
with some studies showing positive associations (Arif and Rohrer, 2005; Petry 
et al., 2008) and others negative associations (John et al., 2005; Simon et al., 
2006) between alcohol use disorders and obesity. This discrepancy could be 
explained by the heterogeneity of obesity populations, such that only certain 
subgroups are at risk (Sansone and Sansone, 2013). Preclinical research in 
this context is still in its infancy, and studies have mostly focused on the 
effects of overeating or obesity induced by exposure to highly palatable foods 
(rather than compulsive-like eating per se) on drug-related behavior (rather 
than compulsive-like drug use per se). Indeed, in animal models of obesity 
and/or binge eating there is some evidence of vulnerability factors for the 
development of compulsive drug taking in the form of brain reward deficits 
(Valenza et al., 2015) increased alcohol self-administration (Avena et al., 
2004), and greater cocaine craving (Barnea et al., 2015). However, much more 
research is needed to understand the relationship between compulsive drug 
use and compulsive eating. 
Investigations into the neurobiology of drugs of abuse and highly 
palatable foods have lent a solid theoretical foundation for how reward, 




ultimately drive compulsive eating behavior. The evidence described here 
supports the hypothesis that palatable food consumption may initially 
activate the mesolimbic dopamine incentive salience pathways, and then, 
repeated, over-stimulations may lead to a cascade of neurobehavioral 
adaptations, including a shift to dorsal striatal-mediated habitual behavior, 
desensitization of the reward system, recruitment of the amygdaloid stress 
systems, and loss of prefronto-cortical control over behavior. However, these 
neurobiological mechanisms have many further complexities (e.g. diet effects 
on dopamine systems; Baladi et al., 2012) that framed in the context of 
compulsive eating could serve as the topic of a future review. 
It is necessary to further our understanding of the interactions of these 
maladaptive circuits and how compulsive eating behavior differs from non-
pathological eating. Functionally anchored animal models of compulsive 
eating behaviors are also needed to bring the field to this next level, through 
the integration of these elements (i.e. habitual/inflexible feeding responding, 
negatively reinforced feeding, and eating in spite of negative consequences). 
One caveat is that the use of animal models has intrinsic limitations, 
especially when complex psychiatric disorders are modeled; for example, the 
utilization of specific controlled environmental conditions, such as differential 
access to experimental diets (e.g. intermittent vs. continuous). Many factors 




assessments of compulsivity) contribute to the percentages of animals that 
reliably display compulsive-like eating behavior (Heyne et al., 2009; de Jong 
et al., 2013). The details of experimental conditions associated with 
compulsive-like eating behavior are extensive, and could serve its own topic 
in a future review. Despite some inherent limitations, innovative animal 
models of functionally anchored behaviors reflecting specific endophenotypes 
of psychiatric syndromes will prove indispensable to understand the 
neurobiological underpinnings of a disorder, and for the discovery of novel 
pharmacological treatments. 
A deeper understanding of the mechanisms behind each of the 
elements can shed light on the underlying pathology of compulsive eating 
behavior, and can also explain its pathogenesis. Currently, there are 
substantial gaps in the knowledge of the emergence and time course of these 
elements of compulsive eating, which holds potential for providing essential 
information for preventative measures and therapeutic targets for these 
conditions. Furthermore, by focusing on all of the elements, as opposed to 
each separately, we can start to understand the interactions of these areas 
and related neurocircuitries, identifying how the elements may influence 
each other (e.g. relationships between depression/stress on learning and 
decision making processes). Such an approach will provide the evidence based 




spirit of new initiatives in precision medicine. Retuning both conceptual and 
the methodological approaches to compulsive eating will be essential to gain 
a better understanding diagnosis, prevention and treatment of pathological 
eating. 
 
Dissertation Specific Aims 
The focus of this dissertation is to progress a framework for compulsive 
eating behavior, which includes risk factors for the development of 
pathological eating behaviors, as well as the functional neuroadaptations 
that result from repeated overeating of palatable food. Compulsive eating 
behavior is a relatively new construct analogous to compulsive drug use in 
addiction, and was conceptualized based on phenotypic, neurobiological, and 
theoretical overlaps (Moore et al., 2017a; Moore et al., 2017b). It is important 
to both validate these overlaps, as well as elucidate any points of divergence 
in the compulsive eating framework.  
A major risk factor for the development of compulsive drug use is 
impulsivity (Belin et al., 2008; Dalley et al., 2011), a trait that has also been 
observed in forms of obesity, binge eating disorder, and food addiction (Davis 
et al., 2011; Schag et al., 2013). Furthermore, impulsivity is exacerbated by 
exposure to drugs of abuse (Jentsch and Taylor, 1999). It is unknown if 




behavior. Identification of risk factors helps elucidate a psychobiological 
cause of a disorder with implications for prevention and treatment. 
In addiction, repeated drug use causes a functional downregulation of 
the brain reward system (Koob and Volkow, 2016), which is then 
hypothesized to drive further drug taking behavior in order to re-activate a 
hypofunctional reward circuit (Koob and Le Moal, 2001). There is evidence of 
similar reward deficits caused by overeating of palatable food, including 
reduced subjective reward (van de Giessen et al., 2014) and downregulation 
of striatal dopamine systems in obesity (Volkow et al., 2008b). However, it is 
unclear whether an obese phenotype or exposure to palatable food drives the 
emergence of reward deficits, and further, the precise neurobiological 
mechanisms of reduced reward still need to be elucidated in compulsive 
eating. Determining palatable food-induced neuroadaptations to key 
pathways in compulsive eating will be vital for development of targeted 
therapeutic strategies. 
 
Aim 1: Determine whether impulsivity traits are risk factors for 
compulsive eating behavior 
Aim 2: Determine whether functional deficits in brain reward systems 





In Aim 1, we investigated two domains of impulsivity (impulsive choice 
and impulsive action), which have been associated with compulsive eating in 
humans. Impulsivity is broadly defined as a tendency towards rapid, 
unplanned actions with a diminished regard to the consequences of that 
action (Chamberlain and Sahakian, 2007). The two most commonly studied 
domains of impulsivity are impulsive choice, or an aversion to delay of 
gratification, and impulsive action, an inability to withhold motor responding 
when inappropriate. While both of these impulsivity domains have been 
linked to compulsive eating in humans (Davis et al., 2011; Schag et al., 2013), 
it is unknown whether high impulsive choice and/or impulsive action 
precedes or is a consequence of pathological overeating.  
To accomplish this aim, we conducted two studies investigating 
whether 1) impulsive choice and/or 2) impulsive action confer vulnerability 
for binge-like eating, operationally defined as the consumption of a 
significantly larger amount of food in a short period of time than most 
individuals in similar circumstances (American Psychiatric Association, 
2013).  
To investigate impulsive choice we used the adjusting delay task 
(ADT), where preference for a small, immediate reward over a large, delayed 
reward is measured based on choices made during successive trials (Blasio et 




and then allowed to self-administer high-sucrose, chocolate-flavored 45-mg 
precision pellets under a fixed-ratio 1 schedule of reinforcement. After >15 
days of binge-like eating in the self-administration procedure, animals were 
again tested for impulsive choice behavior to assess any changes from 
baseline.  
In a separate study assessing impulsive action, we used the 
differential reinforcement of low rates of responding (DRL) task. This 
procedure requires an animal to withhold a response for a length of time in 
order to receive reinforcement with a sweetened solution (Cottone et al., 
2013). Here, following separation into High- and Low- impulsive action 
groups, we assessed binge-like eating of palatable food as well as two other 
food-addiction like criteria, motivation (measured under a progressive ratio 
schedule of reinforcement), and compulsive-like eating (measured using a 
light/dark conflict test). We then measured the expression of the 
transcription factor ΔFosB in the nucleus accumbens to evaluate within the 
context of impulsivity and compulsive eating groups.  
Overall, the experiments in Aim 1 help delineate the contribution of 
the two major domains of impulsivity to a development of pathological eating 
behavior.  
In Aim 2, we were interested in investigating an element of compulsive 




theoretically analogous to using drugs for the purpose of alleviating a 
negative emotional state (Parylak et al., 2011; Moore et al., 2017c). The 
components of this are dual: increased stress and decreased reward (Koob, 
1996; Parylak et al., 2011). We have shown that in one model of compulsive 
eating behavior, palatable diet alternation, there is evidence of increased 
stress, measured as the emergence of a negative emotional state (i.e. 
increased anxiety- and depressive-like behavior) (Cottone et al., 2009a; 
Iemolo et al., 2012). Thus, we wanted to whether there are concomitant 
decreases in brain reward systems in palatable diet alternation, causing 
reduced sensitivity to rewarding stimuli.  
To accomplish this aim, we evaluated reward sensitivity and changes 
to the brain reward systems in rats with a history of palatable diet 
alternation. As a probe of dopamine system functioning, we treated rats with 
d-Amphetamine, which causes release, and simultaneously prevents 
reuptake, of dopamine in the nucleus accumbens. We measured the 
stimulating, reward-enhancing, and rewarding effects of d-Amphetamine 
using a locomotor assay, intra-cranial self-stimulation, and conditioned place 
preference, respectively. Further, we analyzed dopamine efflux following d-
Amphetamine using in vivo microdialysis. Expression of tyrosine hydroxylase 
(TH; the rate limiting enzyme of dopamine) and the dopamine transporter 




polymerase chain reaction. We evaluated extracellular baseline dopamine 
and DAT activity using quantitative ‘no-net-flux’ microdialysis. 
Overall, the experiments in Aim 2 will discover if reward deficits are 
induced in a model of compulsive eating behavior, and assess functional 




CHAPTER TWO: Impulsivity in binge and compulsive eating 
 
Impulsive choice does not predict binge-like eating  
 
 




Binge eating disorder (BED) is an addiction-like disorder characterized 
by recurrent, excessive food consumption within discrete periods of time, and 
it has been linked to increased trait impulsivity. Within impulsivity 
components, while impulsive action was shown to predict binge- and 
addictive-like eating, the role of impulsive choice is instead unknown. The 
goal of this study was to determine if impulsive choice predicted, or was 
altered by, binge-like eating of a sugary, highly palatable diet. We utilized a 
modified adjusting delay task (ADT) procedure in ad libitum fed rats to 
assess impulsive choice behavior, i.e. the tendency to respond for a larger, 
delayed reward over a lesser, immediate reward. We found that baseline 
impulsive choice was not a predictor of binge-like eating in 1-hour sessions of 
palatable diet operant self-administration. Furthermore, binge-like eating of 




Thus, our data suggest that, unlike impulsive action, impulsive choice 





Binge eating disorder (BED) is an addiction-like disorder characterized 
by recurrent, excessive food consumption within discrete periods of time 
(American Psychiatric Association, 2013; Schulte et al., 2016; Moore et al., 
2017c). Impulsivity, which is a trait characteristic of both drug and 
behavioral addictions including BED (Dawe and Loxton, 2004; Schag et al., 
2015), can be broadly defined as a predisposition toward rapid, unplanned 
reactions to internal or external stimuli, with diminished regard to the 
negative consequences of these reactions to the impulsive individual or to 
others (Chamberlain and Sahakian, 2007). Impulsivity is most often broken 
down into two main components: impulsive choice and impulsive action. 
Impulsive choice reflects an aversion to delay of gratification, while impulsive 
action reflects the inability to withhold responding when it might be 
inappropriate or premature.  
In this context, a highly relevant question has been whether high trait 
impulsivity represents a risk factor for drug abuse and eating disorders; such 
information would, in fact, help refine intervention strategies aimed at 
preventing and treating these diseases. In clinical studies, understanding 
whether impulsivity represents a vulnerability factor for addictive behaviors 
and eating disorders has been a major challenge, given the difficulty of 




issue, preclinical animal studies are indeed particularly valuable, since they 
allow a greater longitudinal control of experimental variables. Surprisingly, 
in feeding research, the preclinical investigation of whether impulsivity 
represents a risk factor for the development of maladaptive feeding behavior 
has been nearly neglected. Recently, it was shown that impulsive action 
predicts increased binge and addictive-like eating in rats (Velazquez-Sanchez 
et al., 2014), mirroring what was found earlier with drugs of abuse such as 
cocaine and nicotine, but not heroin (Belin et al., 2008; Diergaarde et al., 
2008; McNamara et al., 2010). However, to the best of our knowledge, 
whether impulsive choice predicts binge-like eating is unknown. 
The first aim of this study was, therefore, to investigate whether 
impulsive choice predicts binge-like eating behavior in rats. The second aim 
of this study was then to evaluate whether exposure to daily 1-hour access to 
a palatable diet induces any (further) deficits in impulsive choice behavior. To 
determine impulsive choice, a modified adjusting delay task (ADT) was 
utilized (Blasio et al., 2012). 
 
MATERIALS AND METHODS 
Subjects 
Forty-five day old male Wistar rats (N=48) were triple-housed upon 




and humidity-controlled vivarium on a 12:12 hour reverse light cycle. Rats 
had ad libitum access to water and a corn-based chow (5TUM: 65.5% (kcal) 
carbohydrate, 10.4% fat, 24.1% protein, 3.30 cal/g; TestDiet, Richmond, IN) at 
all times, except during testing sessions. All experimental procedures 
adhered to the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and were approved by Boston University Medical 
Campus Institutional Animal Care and Use Committee (IACUC). 
 
Apparatus 
Individual operant test chambers enclosed in ventilated, sound-
attenuating cubicles were used for all procedures (Med Associates Inc., St 
Albans, VT). Two retractable levers were located on one wall of the chamber, 
each with a 28 V stimulus cue-light above them. Between the levers were two 
stainless steel drinking cups mounted 2 cm above the grid floor of the 
chamber. Syringe pumps (Med Associates, St. Albans, VT) dispensed 
solutions into drinking cups for the ADT procedure. The opposite wall had 
two food magazines on either side of a liquid cup magazine, with 28 V 
stimulus cue-lights above them. Magazine head entries were detected by 
infrared photobeams to deliver food or water reinforcement in food self-





Modified Adjusting Delay Task (ADT)  
Non-deprived rats (i.e. with ad libitum food and water) were trained on 
the modified ADT procedure to assess impulsive choice between isocaloric 
reinforcers. In this task, modified from Perry et al. (2005) and described 
previously (Blasio et al., 2012), subjects were first trained in two overnight 
self-administration sessions under a Fixed Ratio 1 (FR1) schedule of 
reinforcement. A lever press on either lever resulted in delivery of 0.1 ml of 
1.5% w/v glucose solution.  
For the next training phase, sessions consisted of a 30-min pre-session 
followed by 15-blocks. The session ended following the completion of the 15-
blocks or after 2 hours, whichever came first. The 30-min pre-session phase, 
where both levers were in the retracted position and all stimulus lights were 
off, served as an acclimation period and signal of the imminent availability of 
the reinforcers. During training, each block consisted of 4 forced-choice trials, 
signaled by the extension of one of the two levers and illumination of the 
stimulus light above it. A lever-press response in the forced-choice trials 
resulted in the immediate retraction of the lever. One lever resulted in 
delivery of 0.1 ml of the glucose solution delivered immediately, while the 
other resulted in 0.1 ml of a “supersaccharin” solution (1.5% w/v glucose + 




delivered after a constant delay of 6 sec. After learning to complete at least 
10/15 trials, rats began the modified ADT.  
In this task, the first two trials of each block were forced-choice trials 
(as during training), while the third and fourth trial were free-choice trials. 
In the free-choice trials, signaled by the illumination of both stimulus lights, 
both levers were extended, and rats were free to choose between the 
immediate delivery of glucose or a delayed delivery of supersaccharin. The 
delay was initially set to 6 sec, and was then adjusted after each free-choice 
trial, depending on which lever was chosen (immediately reinforced lever = 1 
sec decrease in delay; delayed reinforced lever = 1 sec increase in delay). An 
inter-trial-interval (ITI) followed each lever press, adjusted so that all trials 
would be a maximum of 36 sec in duration (i.e., delay + ITI = 36 sec). During 
the delay and ITI, stimulus lights were extinguished and responses on either 
lever had no programmed consequences. At the end of each session, a mean 
adjusted delay (MAD) was calculated by averaging all adjusting delays on 
free-choice trials. MADs ranged from 0.5 sec (in the event that the 
immediately reinforced lever was chosen every time) to 21.5 sec (in the event 
that the delayed reinforced lever was chosen every time). ADT sessions were 
run until MAD stabilized (<3 sec variation across 5 days with no increasing 
or decreasing trends). Five rats were removed for unstable responding during 




impulsive choice behavior, where lower MADs indicate higher levels of 
impulsive choice. MAD values was transformed into an impulsivity score (IS) 
using the following equation: 
 
IS =  MAD!"# −MADMAD!"# −MAD!"#
 
 
The IS serves as a more intuitive measure of impulsivity; whereas high 
IS indicates high impulsivity and vice versa. The IS is a dimensionless 
variable with an inverse relationship to the MAD, ranging from 0 to 1. 
Following a median split of baseline (i.e. average last 5 days) MAD values, 
rats that fell above the median MAD were assigned to the Low- impulsive 
group, and rats that had a MAD lower than the group median were assigned 
to the High- impulsive group.  
 
Operant binge-like eating procedure  
Rats previously trained in the ADT task and assigned to Low- or High- 
impulsive groups were then trained in an operant binge-like eating procedure 
(Blasio et al., 2014b; Velazquez-Sanchez et al., 2014). Briefly, in daily 1-hour 
sessions, rats were trained to self-administer 45-mg precision pellets, 




(5TUM; TestDiet, Richmond, IN) and water (100 µl) under an FR1 schedule 
of reinforcement. Each head entry into the food magazine resulted in the 
delivery of 1 pellet, followed by a 1.0 sec timeout period, during which no 
additional pellets were delivered.  
After 1-hour chow self-administration performance was stable, rats 
were divided into ‘Chow’ control groups (‘Low-impulsive/Chow,’ N = 9; and 
High-impulsive/Chow,’ N = 12), which continued to self-administer the 45-mg 
chow pellets offered during training, and ‘Palatable’ groups (‘Low-
impulsive/Palatable,’ N = 12; and High-impulsive/Palatable,’ N = 10), which 
were allowed to self-administer a nutritionally complete, chocolate-flavored, 
high sucrose (50% kcal) AIN-76A-based diet (45-mg precision pellets, 
chocolate-flavored, 5TUL: 66.7% (kcal) carbohydrate, 12.7% fat, 20.6% 
protein, metabolizable energy 3.44 cal/g; TestDiet). The 5TUL is >90% 
preferred over the standard chow diet (Cottone et al., 2008b; Cottone et al., 
2009b). 
Following >15 days of operant food self-administration sessions, which 
encompassed both escalation of intake and stabilization in rats administering 
the palatable diet (<10% group variability in responding compared to 
previous 3 sessions), rats underwent additional ADT sessions every other day 




latency (log) of five ADT sessions that took place after the binge-like eating 
procedure were used to compare to pre-binge impulsive choice behavior. 
 
Statistical analysis 
Baseline (last 5 days) MAD, IS, and latency (log(sec)) values were 
analyzed by a two-way, random effect intraclass correlations (ICC) of 
absolute agreement (Shrout and Fleiss, 1979b; Cottone et al., 2008b; Cottone 
et al., 2009b) to evaluate stability of performance. ICC coefficients range 
between 0 and 1, with values closer to 1 denoting smaller within-subject 
variation across sessions. MAD, IS, and latency were analyzed using two-way 
analysis of variance (ANOVA), with impulsivity and diet as between-subjects 
factors. To analyze impulsivity and diet effects on operant binge-like food 
self-administration, a three-way ANOVA was used, with impulsivity and diet 
as between-subjects factors and day as a within-subjects factor. Differences in 
impulsive choice variables before and after the binge-eating procedure were 
assessed using a three-way ANOVA, with impulsivity and diet condition as 
between-subjects factors and MAD score as a within-subject factor. The 
software/graphic packages used were SigmaPlot 12.0 (Systat Software Inc., 
Chicago, IL), SPSS Statistics 24 (IBM Corp., Armonk, NY), and Statistica 7.0 






Impulsive choice: performance on modified ADT 
Intraclass correlation analysis showed good internal consistency in 
MAD and IS, and latency (log(sec)) [intraclass correlation, MAD and IS: ICC 
(2,5) = 0.68, F (42,168) = 3.10, p < 0.0001; latency(log(sec)): ICC (2,5) = 
0.78, F (42,168) = 4.63, p < 0.0001) across the last 5 days (Mean ± SEM: 
MAD: Low-impulsive: 15.41 ± 0.38; High-impulsive: 10.98 ± 0.37; IS: Low-
impulsive: 0.29 ± 0.02; High-impulsive: 0.50 ± 0.02; t(41) = 8.41, p < 0.0001). 
The high intraclass correlation coefficients and the wide range of MADs or 
ISs (2.90 < MAD < 21.50 sec, or 0.00 < IS < 0.89) revealed strong and stable 
individual differences. 
 
Effect of impulsive choice on binge-like eating of palatable food  
Prior to diet group assignment, there were no differences in chow food 
self-administration between groups (Mean ± SEM: Low-impulsive/Chow: 12.2 
± 1.2 kcal; High-impulsive/Chow: 11.5 ± 1.0 kcal; Low-impulsive/Palatable: 
11.7 ± 1.0 kcal; High-impulsive/Palatable: 12.7 ± 1.1 kcal; F(3,39) = 0.23, not 
significant (NS)). Once rats were allowed to self-administer their respective 
diets, rats with access to palatable food escalated their intake over time 
compared to the Chow control group (Diet × Day: F(14,490) = 6.38, p < 




intake in either diet condition (Diet × Impulsive choice: F(1,35) = 0.05, NS; 
Fig 2A; Diet x Impulsive Choice x Day: F(14, 490) = 0.45, NS). A Pearson 
correlation analysis showed no relationship between IS and amount of food 
eaten in the operant binge-like self-administration paradigm (average intake 
(kcal) on days 11-15 of food self-administration (Palatable r2 = 0.00, NS; 
Chow r2 = 0.07, NS; Fig 2B)), further demonstrating that there is no 






Figure 2. Impulsive choice does not predict binge-like eating.  
(A) Effects of daily 1-hour access to a palatable diet on food intake in Low- 
and High- impulsive rats. (B) Baseline Impulsivity Score (IS) is not 
associated with later food intake (kcal) in 1-hour self-administration sessions. 










Exposure to 1-hour daily intermittent palatable diet on impulsive choice 
When tested in the ADT procedure following operant food self-
administration, group IS had remained stable (Pre-Post: F(1,39) = 0.06, NS; 
Fig 3A-B). Additionally, there were no differential effects of diet type (Pre-
Post × Diet: F(1,39) = 2.64, NS) or prior impulsive choice (Pre-Post × 
Impulsivity: F(1,39) = 0.63, NS).  Analysis of the log-transformed latency to 
respond in the ADT showed that latency decreased across all diet and 
impulsivity groups when comparing pre- and post- food self-administration 
(Pre-Post: F(1,39) = 46.30, p < 0.0001; Fig 3C). Latency was not differentially 
altered by diet (Pre-Post × Diet: F(1,39) = 1.66, NS) or prior impulsive choice 






Figure 3. Exposure to a palatable diet does not alter impulsive choice 
behavior. 
(A) Effects of daily 1-hour access to a palatable diet on IS, (B) Mean Adjusted 
Delay (MAD), and (C) latency (log(sec)) in the Adjusting Delay Task (ADT). N 











This study shows that impulsive choice does not predict increased 
binge-like eating of palatable food. This finding is especially interesting, as 
impulsive action was instead found to be a strong predictor of both binge-like 
and addictive-like eating in a study performed previously by our group 
(Velazquez-Sanchez et al., 2014).  
Importantly, the modified ADT was performed in ad libitum fed and 
watered rats. The majority of experiments that test impulsivity in rats have 
utilized a food restriction protocol to increase motivation to complete the 
tasks. Unfortunately, food and water restriction is known to cause a myriad 
of behavioral and neurobiological changes (Carr, 2016), which confounds the 
investigation into risk factors for development of binge-eating and other 
disordered eating behavior. Therefore, we can confidently exclude any 
energy-balance influence in the results of this study. In addition, compared to 
other models which use food as reinforcer, the caloric content of reinforcers 
here is negligible (0.006 kcal), resulting in only ~0.3% of rat daily caloric 
intake after completion of a session (Blasio et al., 2012); this eliminates 
possible influences of feeding on impulsivity. Notably, in our modified ADT 
procedure the two reinforcers are isocaloric and, therefore, lever choice 




In control animals, no effects of impulsive choice on the later training 
and self-administration of a chow diet were observed, and multiple weeks of 
operant food self-administration did not affect performance on the modified 
ADT. In animals allowed to self-administer a palatable diet, although intake 
dramatically escalated over time, the degree of binge-like eating of palatable 
food was not predicted by impulsive choice behavior. Furthermore, binge-like 
eating of palatable food did not modify impulsive choice behavior.  
Similar to the results presented here, studies investigating impulsivity 
in animal models of drug addiction have also found that baseline impulsive 
choice does not seem to predict self-administration of cocaine (Mitchell et al., 
2014) or nicotine (Diergaarde et al., 2008) under an FR1 schedule of 
reinforcement. However, on the other hand, impulsive choice appears to be 
associated with reinstatement of nicotine (Diergaarde et al., 2008) and 
cocaine (Broos et al., 2012a) seeking behavior; thus, this impulsivity 
component may be involved in other distinct phases addiction (e.g. 
maintenance, relapse), rather than the initiation and development of these 
disorders. The different facets of drug addiction and pathological eating have 
distinct neurobiological substrates (Moore et al., 2018b), as do the 
components of impulsivity (Wang et al., 2016); it would, therefore, be of 
interest in future studies to investigate whether other aspects of pathological 




Previous work from our laboratory found that impulsive action, a 
component distinct from impulsive choice, predicted binge-like and 
compulsive eating behavior (Velazquez-Sanchez et al., 2014). Similarly, 
impulsive action was predictive of cocaine and nicotine self-administration in 
rats (Belin et al., 2008; Diergaarde et al., 2008), while impulsive choice was 
not (Diergaarde et al., 2008; Mitchell et al., 2014), suggesting key differences 
between the two impulsivity components in predicting drug use and binge 
eating. Indeed, distinct neurobiological systems underlie impulsive action 
and impulsive choice (Pattij and Vanderschuren, 2008), thus divergences may 
provide key insights into the mechanisms contributing to addictive disorders. 
In this study, impulsive choice behavior was not affected by multiple 
weeks of exposure to a sugary, highly palatable diet and the development of 
binge-like eating. To our knowledge, no studies have shown binge-like eating 
to cause changes in impulsive choice behavior. However, cocaine exposure 
was found to cause increases in impulsive choice (Simon et al., 2007; Mitchell 
et al., 2014), and greater cocaine use was associated with higher impulsive 
choice (Mitchell et al., 2014). Interestingly, in one study, cocaine-
administering animals were matched to a yoked-sucrose control group, and 
amount of sucrose exposure (high vs. low) also had no effect on later 
impulsive choice (Mitchell et al., 2014). While this study has distinct 




palatable diet self-administration), these results also suggest that impulsive 
choice is not modified by sucrose exposure. 
As the present study was conducted in male rats only, our findings 
cannot be extrapolated to females without further research. Other studies 
into sex differences in impulsive choice behavior have shown that female rats 
and humans typically display greater impulsive choice behavior compared to 
males, and this may be associated with greater vulnerability to addictive 
behaviors (e.g. cocaine self-administration and reinstatement; Perry et al., 
2008; Weafer and de Wit, 2014). Most epidemiological studies report similar 
or higher rates of binge eating in women compared to men (Striegel-Moore 
and Franko, 2003; Lee-Winn et al., 2016), and the neurobiological etiology of 
these behaviors may differ by sex/gender. Thus, further investigation into sex 




The relationship between impulsivity components and binge eating has 
implications for the prevention, treatment, as well as neurobiological targets 
(Manasse et al., 2016).  Impulsive action and impulsive choice have distinct 
neural substrates (Wang et al., 2016), and uncorrelated behavioral expression 




is a risk factor for binge- and addictive-like eating behavior, mirroring what 
observed with cocaine (Belin et al., 2008). This study shows that, similarly to 
drug addiction, impulsive choice is not a risk factor for the development of 
binge-like eating in rats. Furthermore, the exposure to a sugary, highly 





High-trait impulsivity predicts binge-like eating in rats 
 
This portion of chapter II was adapted from Velazquez-Sanchez C, Ferragud 
A, Moore CF et al., 2014, Neuropsychopharmacology. 
 
ABSTRACT 
Impulsivity is a behavioral trait frequently seen in drug addicted 
individuals, but also in obese individuals who pathologically overeat as well 
as in some forms of eating disorder. However, the causal relationship 
between impulsivity and uncontrollable feeding is poorly understood. In this 
study we hypothesized that a high impulsivity trait precedes and confers 
vulnerability for food addiction-like behavior. For this purpose we trained ad 
libitum fed male Wistar rats in a differential reinforcement of low rates of 
responding (DRL) task to select high- and low-impulsive rats. Then, we 
allowed high- and low-impulsive rats to self-administer a highly palatable 
diet (Palatable group) or a regular chow diet (Chow group) in 1 h daily 
sessions, under fixed ratio (FR) 1, FR3, FR5, and under a progressive ratio  
schedules of reinforcement. In addition, we tested the compulsiveness for food 
in high- and low-impulsive rats by measuring the food eaten in the aversive, 
open compartment of a light/dark conflict test. Finally, we measured the 




Nucleus Accumbens. The data we obtained demonstrate that impulsivity is a 
trait which predicts the development of food addiction-like behaviors, 
including: i) excessive intake, ii) heightened motivation for food, and iii) 
compulsive eating, when rats are given access to highly palatable food. In 
addition, we show that the food addictive phenotype in high impulsive 
subjects is characterized by an increased expression of the transcription 
factor ΔFosB in the nucleus accumbens shell, which is a marker for 
neuroadaptive changes following addictive drug exposure. These results 







Pathological overeating, associated with some forms of eating disorder 
and obesity, is increasing in prevalence and is linked to reduced life 
expectancy and impaired quality of life (Ahima, 2009; Ahima and Lazar, 
2013). The ready availability of highly palatable, energy-dense foods is 
recognized to be a causal factor in the development of excessive, 
uncontrollable overeating (Volkow et al., 2013a). A growing number of 
behavioral and neurobiological findings from both clinical and preclinical 
studies provide convincing evidence that the compulsive intake of highly 
palatable foods can be regarded as an addiction-like disorder (Cottone et al., 
2009a; Gearhardt et al., 2009; Johnson and Kenny, 2010; Cottone et al., 2012; 
Smith and Robbins, 2013; Volkow et al., 2013a). The core symptoms observed 
in binge eating disorder, as described in the DSM-V and also present in a 
large proportion of obese individuals (Davis et al., 2011), closely match those 
that also define drug addiction (Volkow and Wise, 2005; Smith and Robbins, 
2013). Indeed, the development of tolerance associated with escalating drug 
or food intake, larger amounts than intended of drug taken or food eaten, the 
loss of control over drug or food intake, and great difficulty in quitting drug 
use or overeating despite knowledge of adverse consequences as well as 
distress and dysphoria when attempting to abstain from drugs or food are 




(Volkow and Wise, 2005; APA, 2013; Smith and Robbins, 2013). Studies in 
humans have highlighted that the behavioral trait of impulsivity, defined as 
a predisposition towards rapid unplanned action (Chamberlain and 
Sahakian, 2007), is characteristic of both individuals addicted to drugs and 
also in obese individuals and those with eating disorders (Dawe and Loxton, 
2004; Davis et al., 2011; Schag et al., 2013). It has been shown that there is a 
causal relationship between impulsivity and compulsive cocaine and nicotine, 
but not heroin, seeking and taking (Belin et al., 2008). However, it has not 
been established whether the high impulsivity observed in eating disorders 
and obesity precedes or is a consequence of the onset of uncontrollable 
feeding behavior. 
In this study we hypothesized that a high impulsivity trait precedes 
and confers vulnerability for food addiction-like behavior. For this purpose we 
trained ad libitum fed male Wistar rats in a differential reinforcement of low 
rates of responding (DRL) task, and we selected high- and low-impulsive rats. 
Then, we evaluated whether high-impulsive rats, exposed to the highly 
palatable food, were prone to develop a food addiction-like phenotype. We 
operationally defined in rats three food addiction-like behaviors, used as 
hallmarks of pathological overeating (APA, 2013; Smith and Robbins, 2013; 
Volkow et al., 2013a): i) the consumption of significantly larger amounts of 




similar circumstances. We modeled this behavior by limiting access to a 
highly palatable diet in daily self-administration sessions; ii) a high 
motivation to acquire and eat palatable food. We modeled this behavior using 
a progressive ratio schedule of reinforcement, in which the workload to obtain 
a pellet of food increased progressively within the session; iii) the 
consumption of the highly palatable food in the face of negative consequences. 
We modeled this behavior using a light/dark conflict test, in which the food 
was offered in an aversive, bright compartment that normally suppresses 
eating. 
MATERIALS AND METHODS 
Subjects  
Male Wistar rats, 45 days old on arrival (Charles River, Wilmington, 
MA), were triple-housed in wire-topped plastic cages in a 12-h reverse light 
cycle (lights off at 11:00 am) AAALAC-approved humidity-(60%) and 
temperature-controlled (22°C) vivarium. Animals were allowed a four-day 
habituation period to the research facility. Corn-based chow (Harlan Teklad 
LM-485 Diet 7012) and water were available in the home cage. Procedures 
adhered to the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and the Principles of Laboratory Animal Care, and were 




and Use Committee. No experimental procedures involved food or water 
restriction/deprivation. 
 
Differential reinforcement of low rates of responding (DRL) task in ad 
libitum fed rats 
Performance on the DRL task has been used to provide a measure of 
impulsive action, defined as the inability to withhold a response (Neill, 1976; 
Uslaner and Robinson, 2006; Dalley et al., 2008). The DRL procedure was 
adapted from previous reports (Sokolowski and Salamone, 1994; Wiley et al., 
2000; Simon et al., 2013) in ad libitum fed rats. Rats were trained in operant 
boxes (see SI Text) to lever press for a “supersaccharin” solution in an 
overnight fixed ratio 1 (FR1) self-administration session, consisting of 1.5% 
w/v glucose and 0.4% w/v saccharin (Valenstein et al., 1967; Blasio et al., 
2012). Rats were then trained on a DRL-15 s schedule during which a lever 
press resulted in the delivery of the supersaccharin solution if at least 15 s 
had elapsed since the previous lever press. If the rat made a premature lever 
press, the 15 s time period was reset; thus, rats were only reinforced if they 
withheld a response for longer than 15 s. Impulsive action was assessed on 
the last four sessions of the DRL-15 s schedule, and was defined as efficiency 
[ratio between the rewarded responses and the total (rewarded + incorrect) 




indicative of less impulsive action. Rats were ranked according to their 
efficiency scores and subjects falling below the 60% percentile were assigned 
to the Low-impulsive group, while subjects falling above the 40% percentile 
were assigned to the High-impulsive group. For further details, see Appendix 
I. 
 
Binge-like eating procedure in ad libitum fed rats 
Following the DRL procedure and separation of Low- and High-
impulsive rats, ad libitum fed rats were trained to acquire a nosepoke 
response for food and water on a FR1 continuous schedule of reinforcement in 
1 h sessions, as described previously (Cottone et al., 2012; Blasio et al., 
2013b). During instrumental training, food pellets were 45-mg precision 
pellets, identical in composition to the diet that rats received in the home 
cage as ~5 g extruded pellets (5TUM diet formulated as 4-5g extruded pellets, 
65.5% [kcal] carbohydrate, 10.4% fat, 24.1% protein, metabolizable energy 
330 cal/100 g; TestDiet, Richmond, IN). Therefore, in the operant chambers, 
rats were provided with a diet identical to the one received in the home cage 
to ensure that Chow rats’ food intake during operant sessions was not 
influenced by any hedonic factor, but only by homeostatic needs (Cottone et 
al., 2009a; Cottone et al., 2012). After attaining stable baseline performance 




Rats were assigned to either a “Chow” control group (Low-impulsive/Chow 
and High-impulsive/Chow) and continued to receive the same 45-mg chow 
pellets offered in the training phase, or a “Palatable” group (Low-
impulsive/Palatable, and High-impulsive/Palatable), which instead received 
a nutritionally complete, chocolate-flavored, high sucrose (50% kcal), AIN-
76A-based diet, comparable in macronutrient composition and energy density 
to the chow diet (chocolate-flavored Formula 5TUL: 66.7% [kcal] 
carbohydrate, 12.7% fat, 20.6% protein, metabolizable energy 344 cal/100 g; 
formulated as 45 mg precision food pellets; TestDiet, Richmond, IN) (Blasio 
et al., 2013a). This chocolate flavored diet is strongly preferred by all rats 
(Cottone et al., 2009b). The rats were therefore tested daily for 1 h sessions 
under FR1 schedule of reinforcement. After acquiring stable responding 
under the FR1 schedule of reinforcement, the number of responses required 
to obtain one pellet was increased from FR1 to FR3 during 4 consecutive 
sessions, and then from FR3 to FR5 for 4 additional sessions. For further 
details, see SI Methods. 
 
Progressive ratio schedule of reinforcement for food 
Following testing under the fixed ratio schedules, rats were moved to a 
progressive ration (PR) schedule of reinforcement, performed as described in 




completed a ratio for 14 min, with the last completed ratio defined as the 
breakpoint. For further details, see SI Methods. 
 
Light/Dark conflict test 
The day after the last PR session, rats were tested in a light/dark 
conflict test. The test was performed as previously described (Cottone et al., 
2012; Dore et al., 2013b). A shallow, metal cup containing a pre-weighed 
amount of the same food received during self-administration (45-mg chow 
pellets for Chow rats or 45-mg chocolate pellets for Palatable rats) was 
positioned in the center of the light compartment. On the test day, rats were 
placed into the light compartment, facing both the food cup and the doorway. 
For further details, see SI Methods. 
 
Perfusions, immunohistochemistry and quantification  
At the end of the behavioral procedures, animals were transcardially 
perfused as in (Iemolo et al., 2013). Brains were removed and processed for 
ΔFosB immunohistochemistry as previously described in Velazquez-Sanchez 
et al. (2011). The results of the quantification were expressed as the number 
of ΔFosB-positive cells (cell/volume) for each of the region studied. For further 





Food Addiction-like Score 
The food addiction-like score was calculated using a previously 
described approach (Deroche-Gamonet et al., 2004). Animals were ranked for 
each criterion independently. A subject was considered positive for a given 
criterion, if it fell above the 33% highest percentile of that distribution. The 
food addiction-like score was calculated as the algebraic sum of the individual 
standardized scores of each of the three food addiction-like behaviors 
(excessive intake, motivation for food, or compulsive eating). For further 
details, see SI Methods. 
 
Statistics 
Parametrical data were analyzed by simple or factorial ANOVAs 
followed by Fisher’s LSD tests. Statistical significance level was set at p ≤ 
0.05. For further details, see SI Methods. 
 
RESULTS 
High trait impulsivity predicts the escalation of responding for highly 
palatable food 
To test the hypothesis that high impulsivity predisposes to food 




prematurely, undermining the attainment of reward (Dalley et al., 2008), 
using a differential reinforcement of low rates of responding (DRL) task. We 
identified Low- and High-impulsive rats by measuring their efficiency 
(Impulsivity: F(1,25)=31.705, p≤0.0001), a variable inversely correlated with 
the tendency to respond prematurely (see Supplemental Materials in 
Appendix I). Then, both Low- and High-impulsive rats were trained in a 
validated binge-like eating procedure (Cottone et al., 2012; Blasio et al., 
2013b) in which there was a limited access to a highly palatable food. Thus, 
half of the rats were provided with daily 1-hour access to a highly palatable, 
sugary diet (Low-impulsive/Palatable, and High-impulsive/Palatable), while 
the other half was given a regular chow diet (Low-impulsive/Chow and High-
impulsive/Chow) (Cottone et al., 2012; Blasio et al., 2013b). Our results show 
that during their very first experience with the novel highly palatable diet, 
Low-impulsive/Palatable rats, which were otherwise eating the regular chow 
diet, rejected as expected the newly provided food. Neophobia is a well-known 
adaptive response that protects individuals from the possibly harmful post-
ingestive consequences of unfamiliar tastants (Corey, 1978; Birch, 1999) (Fig. 
4A). Conversely, High-impulsive/Palatable rats showed no neophobia and 
readily accepted the new diet, showing no change in the amount of food 
consumed compared to Chow control rats (Impulsivity: F(1,25)=6.523, p≤0.02). 




increased their intake compared to control chow-fed rats; however, as 
predicted, the High-impulsive/Palatable rats overate the highly palatable 
food to a much greater extent than Low-impulsive/Palatable rats, ingesting 
up to some 4 times the intake of chow-fed control rats (Impulsivity*Food: 





Figure 4. High-impulsive trait predicts the disruption of neophobia and the 
escalation of highly palatable food intake.  
(A) Screening for Low- and High-impulsive rats using a DRL task. 
High-impulsive rats are less efficient in responding compared to Low-
impulsive rats. (B) 1-hour food intake during the first day of palatable food 
self-administration in Low- and High-impulsive rats. Expectedly Low-
impulsive/Palatable rats showed food neophobia, contrary to High-
impulsive/Palatable rats who readily accepted the new diet. (C) Effects of 
daily, 1-hour access to a highly palatable diet on food intake in Low- and 
High-impulsive rats. High-impulsive/Palatable rats dramatically escalated 
responding for the highly palatable diet, resulting in a significantly higher 
food intake compared to all other groups. N=29. Data show M±SEM. # 
p≤0.01, ## p≤0.001, Low-impulsive/Palatable vs Low-impulsive/Chow; * 













High trait impulsivity predicts an increased motivation for highly palatable 
food 
Subsequently, we sought to determine whether high trait impulsivity 
is a factor that heightens the motivation for palatable food. To test this 
hypothesis, in the same cohort of rats, following the escalation of palatable 
food intake and establishment of a stable baseline of responding for food 
under a fixed ratio 1 (FR1) schedule of reinforcement, we increased the price 
(number of responses) required to obtain each food pellet . The results show 
that increasing the workload required to obtain the food (from FR1 to FR5) 
resulted in decreased responding by Low-impulsive/Palatable rats, while 
High-impulsive/Palatable rats maintained the highest level of responding 
compared to all other groups (FR3 left, Impulsivity: F(1,25)=6.37, p≤0.02; Food: 
F(1,25)=23.91, p≤0.00005; FR5 right, Food: F(1,25)=24.778, p≤0.00005; 
Impulsivity*Food: F(1,25)=4.33, p≤0.05) (Fig. 5A). Since responding for food 
among groups varied as a function of the response requirement, we next 
determined the maximum effort each rat was willing to make to obtain a 
single food unit pellet, using a PR schedule task (Deroche-Gamonet et al., 
2004; Belin et al., 2008). In the PR task, the number of responses required to 
obtain each food pellet progressively increased within each session until the 
rat reached a point beyond which it was no longer willing to respond for food. 




responding, referred to as the breakpoint, is not influenced by satiety factors 
and is considered a reliable index of motivation (Hodos, 1961; Deroche-
Gamonet et al., 2004; Belin et al., 2008). As predicted, High-
impulsive/Palatable rats showed significantly higher breakpoints than all 
the other groups, while Low-impulsive/Palatable rats did not differ in their 
motivation to obtain food compared to chow-fed control rats (Food: 





Figure 5. High trait impulsivity predicts motivation and compulsive 
eating of highly palatable food.  
(A) Effects of daily, 1-hour access to a highly palatable diet on food 
intake under FR3 and FR5 schedules of reinforcement. High-
impulsive/Palatable rats showed higher responding for food compared to all 
other groups. (B) Motivation for food, measured as the breakpoint under a 
progressive-ratio schedule of reinforcement. High-impulsive/Palatable rats 
showed higher breakpoint for food than all the other groups. (C) Compulsive-
like eating behavior measured in the light/dark conflict test. High-
impulsive/Palatable rats showed higher food intake compared to all other 
groups. N=29. Data show M±SEM. # p≤0.05 vs. Low-impulsive/Chow; * 











High trait impulsivity predicts compulsive eating of highly palatable food 
Next, we determined whether high impulsivity predicted the loss of 
control over palatable food intake and compulsive eating. To test this 
hypothesis, we tested the rats in a light/dark conflict test, in which the food 
was offered in the aversive, bright compartment of the apparatus (Cottone et 
al., 2012; Dore et al., 2013b). Therefore, rats were required to face the 
aversive context in order to consume the food. Regular chow consumption by 
Low- and High-impulsive/Chow rats was negligible in the aversive context. 
The Low-impulsive/Palatable rats ate an amount of food not significantly 
different compared to the food consumed by both Chow groups (Fig. 5C). By 
contrast, High-impulsive/Palatable rats ate a significantly greater amount of 
palatable food compared to any other group (~22-, ~38- and ~3-fold increase 
as compared to Low-impulsive/Chow, High-impulsive/Chow and Low-
impulsive/Palatable rats, respectively) (Food: F(1,25)=8.19, p≤0.01).  
 
High trait impulsivity predicts a food addiction-like phenotype 
To further clarify the influence of impulsivity on the individual 
susceptibility to develop a food addictive-like phenotype, we took a similar 
approach to that used previously (Deroche-Gamonet et al., 2004; Belin et al., 
2008) to calculate an ‘addiction score’, in which a rat was considered positive 




intake, ii) heightened motivation for food, and iii) compulsive eating], if it fell 
above the 33% percentile of the distribution. This approach allowed the 
division of our sample of rats into four groups according to the number of 
positive criteria met (zero, one, two or three) (Deroche-Gamonet et al., 2004; 
Belin et al., 2008). As shown in Fig.6, the intensity of the three food 
addiction-like behaviors was proportional to the number of positive criteria 
met by each subject (Fig. 6A, B, and C). Furthermore, we defined the food 
addiction-like score as the sum of the standardized scores of the three criteria 
to represent the overall contribution of the three food addiction-like behaviors 
in a single score (Belin et al., 2008). The food addiction-like score highly 
correlated with excessive intake (r2=0.74, p≤0.000001), motivation for food 
(r2=0.60, p≤0.00001) and compulsive eating (r2=0.60, p≤0.00001) (Fig. 6D, E, 
and F), and rats belonging to zero, one, two, or three positive criteria groups 
were linearly distributed along the food addiction-like score, with the three 
criteria group showing the highest food addiction-like score (Fig. 6G). More 
importantly, as shown in Fig. 7H, high trait impulsivity predicted a 
heightened food addiction-like behavior in rats exposed to the highly 
palatable diet, as the food addiction score in High-impulsive/Palatable rats 






Figure 6. Food addiction-like score highly correlates with escalated 
intake, motivation for food and compulsive eating.  
(A, B and C) Excessive intake, motivation for food and compulsive 
eating as a function of the number of positive food addiction-like criteria met. 
The intensity of the three food addiction-like behaviors was proportional to 
the number of positive criteria met by the subjects. (D, E and F) The food 
addiction-like score highly correlated with excessive intake, motivation for 
food and compulsive eating. N=29. Data show M±SEM. $ p≤0.05, $$ p≤0.01, 











Figure 7. Food addiction-like score is highest in 3 criteria .  
(A) Rats with the 3 criteria showed a food addiction-like score 
(3.72±0.47) above the standard deviation of all rats (2.41) and higher than 
any other groups. (B) Food addiction-like score as function of groups. The food 
addiction-like score in High-impulsive/Palatable rats was higher than in all 
other. (C)  N=29. Data show M±SEM. $$ p≤0.01, $$$ p≤0.001 vs. 0 criteria 











ΔFosB expression in the shell of the nucleus accumbens is a molecular 
marker of food addiction-like behavior 
Finally, we investigated whether ΔFosB, a well-characterized 
transcription factor the induction of which in the nucleus accumbens is a 
marker for neuroadaptive changes to addictive drug use (Nestler, 2008), was 
correlated with food addiction-like behaviors in high impulsive rats (Nestler, 
2012). We undertook quantitative analysis of ΔFosB immunoreactivity in the 
brains of the same rats used for the behavioral studies. As shown in Fig.8, 
exposure to the highly palatable diet was associated with an overall 
significant increase of ΔFosB-positive cell counts in the two subregions of the 
nucleus accumbens, the shell and the core (Fig. 8A, C, D, F). However, in the 
nucleus accumbens shell there were more ΔFosB immunoreactive neurons in 
High-impulsive/Palatable rats compared to all other groups (core, Food: 
F(1,19)=17.60, p≤0.0005; shell, Impulsivity: F(1,19)=10.27, p≤0.005; Food: 
F(1,19)=39.54, p≤0.000005) (Fig. 8C). Importantly, the ΔFosB expression in the 
nucleus accumbens shell (r2=0.42, p≤0.0009), but not in the core (r2=0.15, 
p>0.05), was highly correlated with the food addiction-like score (Fig. 8B, D). 





Figure 8. ΔFosB expression in the nucleus accumbens.  
(A and D) ΔFosB expression in the nucleus accumbens (NAcc) core and 
shell expressed as density change (%) in relation to the Low-impulsive/Chow 
group. High-impulsive/Palatable animals showed a significant increase in 
both regions compared to the Low-impulsive/Chow group and a significant 
increase in the NAcc core compared to the Low-impulsive/Palatable. (B and 
E) Food addiction-like behavior highly correlated with ΔFosB expression in 
the NAcc shell, but not in the NAcc core. (C and F) Representative 
micrographs (20X) of ΔFosB expression in NAcc core and shell of the different 
groups are shown. N=23. Data show M±SEM. # p≤0.05, ## p≤0.01, ### 











These results provide experimental evidence that the higher tendency 
to respond prematurely, one dimension of the complex construct of 
impulsivity (Evenden, 1999; Dalley et al., 2008), is a behavioral trait that 
predisposes individuals to food addiction-like behavior. Our preclinical data 
extend clinical findings showing that eating disordered and obese individuals, 
especially those characterized by binge eating, show heightened impulsivity, 
and that loss of control over food intake experienced by binge-eating 
individuals during binge episodes is influenced by impulsivity (Dawe and 
Loxton, 2004; Davis et al., 2011; Schag et al., 2013). Our results reveal a clear 
directionality in the causal relationship between impulsivity and disordered 
feeding, where the individual tendency to respond prematurely antedates the 
development of uncontrollable feeding behavior. 
We also provide evidence that highly palatable food interacts with pre-
existing high impulsivity to result in an addictive-like phenotype in rats. 
Although the existence of food addiction is still a debated topic (Corwin and 
Grigson, 2009; Avena et al., 2012; Ziauddeen et al., 2012), our results show 
evidence that a food addiction-like phenotype can indeed develop following 
exposure to palatable food, using a approach similar to the one used to prove 
cocaine addiction-like behavior in the rat (Deroche-Gamonet et al., 2004). 




periods of time, heightened motivation for food and loss of control over eating 
in an adverse environment. Importantly, we demonstrate that in the sample 
of rats studied here there are individual differences in the addiction-like 
behavioral response following exposure to highly palatable food as is also 
seen in humans (Volkow and Wise, 2005; Gearhardt et al., 2009; Davis et al., 
2011; Smith and Robbins, 2013). 
We show that the transcription factor ΔFosB, which plays a key role 
not only in the neuroplastic changes occurring in drug addiction (Nestler, 
2008) but also in the response to natural rewards (Werme et al., 2002; 
Olausson et al., 2006; Wallace et al., 2008; Teegarden et al., 2009; Sharma et 
al., 2013b), is induced in the shell, but not the core, of the nucleus accumbens 
of food-addicted rats, and it therefore provides a marker for the interaction 
between impulsivity and exposure to palatable food. 
We can exclude that any potential energy homeostasis confounding 
effects played any role on the observed food addiction-like phenotype. Both 
the impulsivity (DRL) and the binge-like eating tasks were designed in such 
a way that rats were never food restricted or deprived, therefore excluding 
any potential interaction with an altered energy balance state. Moreover, the 
reinforcer in the DRL task is a solution, the caloric content of which is 
negligible (0.006 Kcal) and the reinforcing efficacy of which is mostly driven 




Appendix I). Therefore, against a potential selection of rats based on energy 
needs, rather than impulsivity, the total energy intake upon completion of a 
DRL session was merely 0.28±0.01 Kcal (M±SEM), a value representing less 
than 0.3% of a rat’s typical daily caloric intake. In addition, against a 
potential selection of rats based on energy needs, Low- and High-
impulsive/Chow rats never differed in responding for food during the FR1 
escalation. Finally, Low- and High-impulsive/Chow rats never differed in 
body weight during the study, therefore excluding any potential energy 
balance confounding factor on the observed feeding adaptations (Cottone et 
al., 2012; Blasio et al., 2013b). 
The approach taken in this study is analogous to one previously 
showing that high impulsivity predicts compulsive cocaine taking (Belin et 
al., 2008); however, the two approaches also embody important differences, 
primarily due to the different pathologies studied. First, we did not again 
demonstrate that high impulsive rats do not display high locomotor reactivity 
to novelty (Belin et al., 2008) since sensation seeking is not a well-established 
factor in disordered eating (Mizushima et al., 1998; Fischer, 2007; Lopez-
Pantoja et al., 2012). In addition, contrarily to what was shown in Belin et al, 
we integrated the construct of “excessive intake within a brief period of time” 




fundamental core symptom of the pathologies we are modeling in this study, 
which cannot be left out of consideration (APA, 2013). 
From an evolutionary perspective, we speculate that in environments 
where starvation threatened survival, impulsivity may have played an 
advantageous, adaptive role by enhancing reward sensitivity and shifting 
decision-making towards less planned responses for the selection of more 
palatable and energy-dense foods. However, the same neurobiological 
mechanism, in today’s calorie-rich environment, may instead promote 
pathological overeating. The data we report in this study have therefore 
translational significance, and provide insights into the neurobiological 





CHAPTER THREE: Reward deficits in compulsive eating 
 
This chapter is in the form of a manuscript currently in preparation. 
 
ABSTRACT 
Compulsive eating behavior is hypothesized to be driven in part by 
reward deficits and associated with neuroadaptations to the mesolimbic 
dopamine (DA) system. Therefore, we wanted to assess deficits in reward 
system functioning after palatable diet alternation, a model of compulsive 
eating,.  In this model, rats in the control group (Chow/Chow) are provided a 
regular chow diet 7 days a week, while the experimental group 
(Chow/Palatable) is provided chow for 5 days a week (‘C Phase’), followed by 
a 2-day access to a highly palatable sucrose diet (‘P Phase’). In both phases, 
we tested sensitivity to d-Amphetamine’s stimulatory effects, reward 
enhancing effects, and rewarding effects (using a locomotor activity assay, 
intra-cranial self stimulation (ICSS) procedure, and conditioned place 
preference test, respectively. Chow/Palatable rats displayed blunted d-
Amphetamine-induced locomotor activity, insensitivity to d-Amphetamine 
potentiation of ICSS threshold, and decreased place conditioning to d-
Amphetamine during the P Phase. We observed multiple alterations in the 




palatable diet alternation. Specifically, Chow/Palatable rats in the P Phase 
had blunted DA efflux following an injection of d-Amphetamine, observed 
using in vivo microdialysis. DAT mRNA was increased in Chow/Palatable 
rats in the P Phase. Quantitative ‘no-net-flux’ microdialysis methods 
demonstrated both reduced extracellular baseline DA and DAT function in 
Chow/Palatable rats, regardless of diet phase. Altogether, there results 
provide evidence of reduced reward system function and related 







Obesity and eating disorders are widespread and increasing in 
prevalence (Finkelstein et al., 2009; Ogden et al., 2014), and are 
characterized by compulsive eating behavior, an emerging construct similar 
to compulsive drug use in addiction (Moore et al., 2017c). One key element of 
compulsive eating behavior is eating to relieve a negative emotional state 
(Koob, 1996; Parylak et al., 2011; Moore et al., 2017c), thought to be driven by 
dual processes: diminished reward sensitivity and the emergence of negative 
affect (Koob, 2013a).  
Similar to drug use, consumption of palatable food is hypothesized to 
result in repeated stimulation and ultimately in desensitization of the 
mesolimbic dopamine (DA) system (Melis et al., 2005; O’Connor and Kenny, 
2016). Continued overeating may therefore reflect the need to reactivate a 
hypofunctional reward circuit (Wang et al., 2001; Geiger et al., 2009). In 
support of this hypothesis, obese individuals were found to have reduced 
availability of dopamine type 2/3 receptors in the striatum (Volkow et al., 
2008b), which was associated with lower striatal activity (Stice et al., 2008b). 
Animal models of obesity and binge eating have observed downregulated DA 
signaling, lower DA turnover, and reduced activity of the dopamine 
transporter (DAT), which regulates synaptic concentrations of DA via 




2008; Geiger et al., 2009). Therefore, we are interested in determining 
whether reward deficits and associated functional changes to the DA and 
DAT system occur in an animal model of compulsive eating behavior.  
Preclinically, one model of compulsive eating behavior utilizes an 
intermittent palatable diet access schedule, consisting of alternating access to 
a highly palatable, high-sucrose, chocolate flavored diet (preferred) with a 
lesser preferred, standard chow diet. This model is especially relevant, as all 
food is given ad libitum (i.e. no food restriction), and rats do not become 
obese, therefore decoupling any effects of overeating from an overweight 
phenotype. Furthermore, this model allows us to investigate any dissociable 
effects of present feeding state (current palatable food exposure vs. 
withdrawal) on reward sensitivity deficits.  
The first aim of these experiments was to assess deficits in reward 
system functioning in a model of compulsive eating. For this purpose, we 
tested sensitivity to d-Amphetamine, a drug which acts to inhibit DA 
reuptake as well as to promote its release, in rats with a history of palatable 
diet alternation. Specifically, we tested response to d-Amphetamine’s 
stimulatory effects, reward enhancing effects, and rewarding effects (using a 
locomotor activity assay, intra-cranial self stimulation (ICSS) procedure, and 
conditioned place preference (CPP) test, respectively). The second aim of our 




DAT systems in rats with a history of palatable diet alternation.  We first 
directly quantified DA release in the nucleus accumbens (NAc) shell after 
treatment with d-Amphetamine using in vivo microdialysis. We quantified 
the levels of tyrosine hydroxylase (TH), the rate limiting enzyme of DA 
synthesis, and DAT mRNA. We also utilized the quantitative ‘no-net-flux’ 
microdialysis procedure to quantify baseline extracellular DA and function of 
DAT in vivo.  
 
MATERIALS AND METHODS 
Subjects  
All experiments were performed using male Wistar rats (Charles 
River, Wilmington, Massachusetts, USA), single- housed in wire-topped, 
plastic cages (27 × 48 × 20 cm) on a 12 h reverse light cycle (lights off at 11:00 
a.m.), in an AAALAC-approved humidity-controlled (60%) and temperature-
controlled (22°C) vivarium. Rats had access to corn-based chow (Harlan 
Teklad LM-485 Diet 7012; 44% kcal carbohydrate, 5.8% fat, 19% protein, 
metabolizable energy 310 cal/100 g; Harlan, Indianapolis, Indiana, USA) and 
free access to water at all times with the exception of experimental test 
procedures. Procedures used in this study adhered to the National Institutes 




approved by Boston University Medical Campus Institutional Animal Care 
and Use Committee. 
 
Drugs 
d-Amphetamine (Sigma Aldrich, St. Louis, MO) was dissolved in 0.9% 
sterile saline for intraperitoneal (i.p.) injections. 
 
Ad libitum palatable diet alternation  
Ad libitum palatable diet alternation was performed as described 
previously (Cottone et al., 2008a; Cottone et al., 2009a; Iemolo et al., 2012; 
Blasio et al., 2013a; Blasio et al., 2014a) and continued for ≥5 weeks 
preceding all behavioral experiments. Briefly, control rats were provided with 
free access to a chow diet 7 days a week (Chow/Chow) and experimental rats 
were provided with free access to chow for 5 days a week, followed by 2 days 
of free access to a highly palatable, chocolate-flavored, high-sucrose diet 
(Chow/Palatable). The ‘chow’ diet was the above-described corn-based chow, 
and the palatable diet was a nutritionally complete, chocolate-flavored, high-
sucrose (50% kcal), AIN-76A-based diet that is comparable in macronutrient 
proportions and energy density to the chow diet (45 mg, chocolate-flavored 
formula 5TUL: 66.7% kcal carbohydrate, 12.7% fat, 20.6% protein, 




brevity, the first 5 days (chow only) and the last 2 days (chow or palatable 
diet according to the experimental group) of each week are referred to in all 
experiments as C and P Phase, respectively. Diets were never concurrently 
available.  
 
Locomotor activity  
We used a locomotor activity assay to test sensitivity to the 
stimulating effects of d-Amphetamine. Motor activity was measured in the 
home cage using an Opto-M3 activity system (Columbus Instruments, 
Columbus, OH), which recorded the beam break activity over a 120-min 
period. One day after food switch, rats (Chow/Chow, n = 20; 
Chow/Palatable, n = 20) were injected with saline or d-Amphetamine (0.1, 
0.3, and 1 mg/kg, i.p.) using a within-subjects, Latin square design. All rats 
received each dose during both the C and P Phase. Beam breaks were 
normalized to baseline (vehicle conditions) of each group.  
 
Intra-cranial self stimulation (ICSS) 
An ICSS procedure was used to assess the ability of d-Amphetamine to 
potentiate (i.e. lower) brain stimulation reward (BSR) threshold, a measure of 
reward system functioning. Rats were anesthetized (isoflurane, 2–3% in 




electrode (MS303/3-B/ SPC, length 10.5mm; Plastics One, Roanoke, Virginia, 
USA) into the medial forebrain bundle at the level of the lateral 
hypothalamus (AP: 0.5mm, ML ±1.7mm, DV − 9.7mm; interaural bar: + 
5.0mm). 
ICSS took place in modular operant test chambers within sound-
attenuating cubicles (Med Associates, St Albans, Vermont, USA). Each 
chamber had a grid floor and a retractable lever on a side wall (Valenza et al. 
2015; Sabino et al., 2006, 2009b). Subjects received electrical stimulation 
circuit from constant current square wave stimulators (Med Associates) that 
ran through gold contact swivel commutators (Plastics One) and were 
connected to bipolar leads (Plastics One). BSR thresholds were determined 
using the rate-independent discrete-trial current intensity procedure 
(Esposito and Kornetsky, 1977; Markou and Koob, 1992). Briefly, at the 
beginning of each trial, rats received a non-contingent electrical stimulation, 
after which they could lever press for delivery of an identical contingent 
stimulus. The reward threshold (mean of last 4 column thresholds) is defined 
as the minimal current intensity able to produce a response that maintains 
the self stimulation behavior. A decrease in the reward threshold reflects an 
increase in reward function (Markou and Koob, 1992).  
On test days, rats (Chow/Chow, n = 7; Chow/Palatable, n = 16) were 




prior to the session start (afternoon following diet switch). Rats that failed to 
respond or had highly variable (>20% variation in BSR threshold at baseline) 
were excluded from analysis. 
 
Conditioned place preference (CPP) 
The CPP procedure was used to test the rewarding effects of d-
Amphetamine in diet alternated rats. To determine differences between 
phases of diet access, Chow/Palatable rats were maintained on either the 
chow food (C Phase group) or the palatable food (P Phase group;) for the 
duration of CPP training/testing and each group was run simultaneously 
with a Chow/Chow control group. The CPP apparatus (Med Associates, 
Georgia, VT) consisted of two equal sized outer chambers (27.5×20.6×21.5 
cm), differing in color and floor texture, connected by a smaller center 
chamber (11.9×20.6×21.5 cm) and separated by automatic guillotine doors. 
Infrared photobeam detectors measured time spent in each chamber. The 
CPP procedure 15 consisted of three different phases: preconditioning or bias 
determination, conditioning, and post-conditioning. During pre- conditioning, 
rats were allowed to freely explore the apparatus for 15-min. Subjects that 
did not show a reliable baseline preference (bias) for either outer chamber 
(<15-sec difference between the time spent in the two) were excluded. On 




an injection of saline or d-Amphetamine (1.0 mg/kg, i.p.) and confined to one 
chamber for 25-min, 3 pairings each (d-Amphetamine = unbiased chamber; 
saline = biased chamber). The day after the last conditioning session, rats 
were tested following the same procedure as the preconditioning test. The 
time spent in each chamber was recorded and a CPP score was calculated 
(time in d-Amphetamine paired chamber – time in unpaired chamber (Lax et 
al., 2014; Wang et al., 2014; Xue et al., 2014; Velazquez-Sanchez et al., 
2015)).   
 
In vivo microdialysis 
An in vivo microdialysis procedure was used to determine NAc shell 
DA efflux in response to d-Amphetamine. Rats were stereotaxically 
implanted with unilateral, intracranial cannulas as described previously 
(Dore et al., 2013a; Iemolo et al., 2015; Smith et al., 2015a). Briefly, guide 
cannulas (Synaptech Inc, Marquette, MI) were lowered above the NAc shell. 
Coordinates from bregma, according to Paxinos and Watson (Paxinos and 
Watson, 2007) were (AP +1.6, ML ±0.5 DV -6.8). Subjects recovered from 
surgery for at least 4 days before testing. The evening prior to testing, the 
microdialysis stylet was removed and replaced with a microdialysis probe 




was perfused with artificial cerebrospinal fluid (aCSF, 147 mM NaCl, 2.8 mM 
KCl, 1.2 mM CaCl2, 1.2 mM MgCl2) at a flow rate of 0.5 µl/min.  
In vivo microdialysis occurred in rats (Chow/Chow, n =  6; 
Chow/Palatable C Phase, n = 8; Chow/Palatable P Phase, n = 9) one day 
post-diet switch. Food was removed from the chamber and the flow rate was 
increased to 1.5 µl/min 1-hour prior to baseline sample collection (2-hours 
after lights OFF). Samples were collected at 10-min intervals into tubes 
containing 5µl antioxidant (0.2 M acetic acid, 2 mM oxalic acid, 6 mM L-
cysteine; pH 3.2).  After baseline collection (30-min), rats were injected with 
saline (i.p.) and 3 more samples were collected. Following injection with d-
Amphetamine (1 mg/kg, i.p.), samples were collected for 2-hours. All samples 
were immediately frozen on dry ice and stored at -80 until High Performance 
Liquid Chromatography (HPLC) analysis. Four rats were excluded from all 
analysis because of technical issues during sampling (e.g. clogged cannula, 
probe fell out during sampling, headmount fell off).  
 
Quantitative ‘no-net’ flux microdialysis 
In order to determine baseline extracellular DA and DAT function, 
quantitative ‘no-net-flux’ microdialysis methods were used.  Methods were 
identical to those described above, unless otherwise noted. Quantitative ‘no-




Chow/Palatable C Phase, n = 7; Chow/Palatable P Phase, n = 10) one day 
post-diet switch. The day of testing, food was removed from the chamber and 
the flow rate was increased to 1.5 µl/min 1-hour prior to baseline sample 
collection (1-hour after lights OFF). Varying concentrations of DA (0, 2.5, 5, 
and 10 nM) were added to the perfusate (1:3 mixture of aCSF and 
antioxidant, pH 6.8). A 90-min equilibration period was allowed after 
changing perfusate. Samples were collected at 10-min intervals for 30-min.  
 
High-Performance Liquid Chromatography (HPLC) 
DA was measured by HPLC (HTEC-510, WE-3G electrochemical 
detector, Amuza Inc., San Diego, CA) (Miczek et al., 2011; Boyson et al., 
2014). A stabilizing agent (0.2M Acetic acid, 2mM oxalic acid, 6M L-cysteine, 
pH 3.2) was added to 15 µl dialysate samples. All samples are injected via 
manual injector (Rheodyne 9725i, IDEX Health and Science LLC, Rohnert 
Park, CA) with a 100-µl sample loop into a reverse-phase column (C18, 
4.6mm × 30mm, Amuza Inc., San Diego, CA) separated DA at 25°C and a 
flow rate of 0.5 ml/min. The mobile phase consisted of 0.1 phosphate buffer 
containing 1.3 mM EDTA, 2.0 mM decane-1-sulfonate, and 1.5% methanol 
(pH 5.4). DA concentrations were determined by using standard curves with 
known amounts of DA in a range of 0.5-20 pg, with a detection limit of 0.02 





Rats that underwent in vivo microdialysis were sacrificed for brain 
histology placement at the culmination of the experiment. Rats were 
euthanized, microinfused with India Ink (0.5 µl), and brains were flash-frozen 
and stored at -80ºC. Brains were cut into 40 µm coronal sections and 
placements were verified under a microscope. Data were excluded in the 
event of missed NAc shell placement. 
 
Quantitative Polymerase Chain Reaction (qPCR) 
For the quantification of TH and DAT mRNA in the Ventral Tegmental 
Area (VTA), a separate, untested cohort of rats was sacrificed 24 h after diet 
switch from chow to palatable (P Phase) or from palatable to chow (C Phase) 
along with Chow/Chow controls. Rats were euthanized with isoflurane and 
decapitated; brains were quickly removed and sliced coronally in a brain 
matrix. VTA (1 mm) were collected on an ice-cold stage and stored at -80°C.  
Procedures were performed as described previously (Sabino et al, 
2009). Results were analyzed by second derivative methods and expressed in 
arbitrary units (normalized to Cyp). Standards and samples were run in 






Statistical Analysis  
Locomotor activity was analyzed using three-way ANOVA (diet as a 
between-subjects factor, phase and dose as within-subject factors). ICSS 
BSRs at baseline were analyzed as a one-way ANOVA between groups. BSRs 
following d-Amphetamine treatment were normalized to baseline and then 
analyzed with one-way ANOVAs within each group (dose as a within-subject 
factor). CPP scores were calculated for pre- and post- conditioning tests as 
follows: time spent in d-Amphetamine paired side – time spent in unpaired 
side. CPP Scores were analyzed using a two-way ANOVA within each phase 
(diet as a between-subjects factor and day as a within-subject factor).  
DA in dialysate following d-Amphetamine injection was analyzed using 
Linear Mixed Effects (LME) modeling with Time as a within-subjects factor 
and group as between-subjects factor. DA values below the limit of detection 
(8% of data) were replaced with ½ of the detection limit (0.1 pg) as described 
previously (McKittrick and Abercrombie, 2007; Lafleur et al., 2011). Data 
missing due to technical errors (i.e. missing at random, 7%) were not 
excluded, as an advantage of LME models over ANOVA is the ability to 
accommodate missing data points (Krueger and Tian, 2004). TH and DAT 
mRNA were normalized to Cyp and analyzed in a 1-way ANOVA (group as 
between subjects factor).  For quantitative ‘no-net-flux’ microdialysis, loss or 




DA concentration in collected sample] and plotted in a regression against DA 
concentration in perfusate. The slope (extraction fraction) and x-intercept 
was then calculated using linear regression for each animal. Slope and x-
intercept were analyzed using a one-way ANOVA (group as a between-
subjects factor). Pairwise post-hoc comparisons were made using Fisher LSD 
tests, as appropriate. 
The software/graphic packages used were SigmaPlot 12.0 (Systat 
Software Inc., Chicago, IL), SPSS Statistics 24 (IBM Corp., Armonk, NY), and 
Statistica 7.0 (StatSoft, Tulsa, OK). 
 
RESULTS 
Chow/Palatable rats show blunted stimulatory response to d-Amphetamine: 
locomotor activity 
Baseline locomotor activity was affected by diet (Diet: F(1, 22) = 8.69, p 
< 0.01). While baseline locomotor activity was not different between groups 
during the C Phase (p>0.05), during the P Phase, Chow/Palatable rats 
showed higher baseline activity compared to Chow/Chow rats (1388.5 ± 
128.9 vs. 2138.2 ± 167.1 beam breaks of Chow/Chow and Chow/Palatable 
rats tested during the P Phase; p < 0.05; data not shown). Diet affected 
locomotor response to d-Amphetamine treatment in a phase-dependent 




66) = 302.75, p < 0.0001: Dose × Diet: F(3, 66) = 11.30, p < 0.0001, Phase × 
Diet: F(1, 66) = 9.75, p < 0.01 and Dose × Phase × Diet: F(3, 66) = 6.02, p < 
0.01). While there were no differences in locomotor response to d-
Amphetamine between Chow/Palatable and Chow/Chow rats tested in the C 
Phase (p’s<0.05), during palatable food access, Chow/Palatable rats 
displayed reduced locomotor sensitivity compared to Chow/Chow rats when 
tested with the highest dose (1.0 mg/kg) of d-Amphetamine (p < 0.0001).  
 
 
Chow/Palatable rats are less sensitive to d-Amphetamine enhancement of 
BSR: ICSS 
Baseline ICSS thresholds did not differ between groups (Chow/Chow, 
Chow/Palatable: C Phase, Chow/Palatable: P Phase; Group: F(2,36) = 0.27, 
n.s.). d-Amphetamine pre-treatment dose-dependently decreased BSR 
thresholds from baseline in both Chow/Chow rats and Chow/Palatable rats 
during the C Phase, (Fig 9B: Chow/Chow: Dose: F(3, 18) = 12.42, p < 0.001; 
Chow/Palatable: C Phase: Dose: F(3,45) = 6.07, p < 0.01). In contrast, BSR 
thresholds of Chow/Palatable rats were not affected by pre-treatment with d-







Chow/Palatable rats are less sensitive to the rewarding effects of d-
Amphetamine: CPP 
CPP Score on the pre-test day were no different between groups (p’s > 
0.05). When conditioned and tested in the C Phase, Chow/Palatable rats 
showed equivalent increased preference for a d-Amphetamine paired 
chamber as compared to Chow/Chow rats (Fig. 9C: Day: F(1, 19) = 26.1, p < 
0.0001; Group: F(1,19) = 0.22, n.s.; Group × Day: F(1,19) = 0.05, n.s.). 
However, when conditioned and tested in the P Phase, the change in CPP 
scores across pre- and post- test day tended to be affected by diet group (Day: 
F(1, 16) = 32.65, p < 0.0001; Group: F(1,16) = 7.17, p < 0.05; Group × Day: 
F(1,16) = 3.43, p = 0.08), such that Chow/Palatable rats showed a lower 
preference for the d-Amphetamine paired chamber compared to Chow/Chow 






Figure 9. Palatable diet alternated rats show blunted responses to d-
Amphetamine when tested in the P Phase.  
Data are Mean ± SEM. (A) Locomotor activity after d-Amphetamine 
treatment (% vehicle activity) n = 24. * p<0.05 vs. Chow/Chow group. (B) 
ICSS thresholds after d-Amphetamine treatment. n = 39. *p<0.05, **p<0.01. 
**p<0.001 vs. Vehicle.  (C) Conditioned place preference to a 1 mg/kg d-












d-Amphetamine-induced DA efflux is impaired in Chow/Palatable rats 
DA efflux following d-Amphetamine injection was different among diet 
groups (Fig 10: Diet Group × Time: F(22, 173.81) = 2.02, p < 0.01). DA efflux 
in response to d-Amphetamine was significantly reduced in Chow/Palatable 
rats compared to Chow/Chow rats (p ≤ 0.05 at time 20, 30 min and 40 min 
post-injection). There was a trend for an overall group effect (Diet Group: F(2, 
22) = 2.02, p=0.06), whereas Chow/Palatable rats in the P phase were lower 





Figure 10. Reduced DA efflux following treatment with d-
Amphetamine (1 mg/kg) in Chow/Palatable rats.  
Data are Mean ± SEM. n = 23. * p<0.05 Chow/Palatable: C Phase vs. 











DAT mRNA is increased in Chow/Palatable rats during the P Phase 
DAT mRNA in the VTA was altered based on diet group (Fig 11: F(2, 
20) = 6.17, p < 0.01). Chow/Palatable rats during the P Phase had increased 
DAT mRNA expression compared to Chow/Chow rats as well as 
Chow/Palatable rats during the C Phase (p<0.05). TH mRNA was not 





Figure 11. DAT mRNA is increased in Chow/Palatable rats in the P 
Phase.  
(A) Schematic of VTA section harvested for qPCR analysis. (B) mRNA 
expression (normalized to Cyp) of TH and DAT is expressed relative to 
Chow/Chow control levels. Data are Mean ± SEM. *p<0.05 vs. Chow/Chow 










Baseline DA and DAT function is reduced in Chow/Palatable rats  
Baseline extracellular DA was different among diet groups (Fig 12A: 
F(2, 22) = 3.67, p < 0.05), such that Chow/Palatable rats in both C Phase and 
P Phase had lower baseline DA compared to Chow/Chow rats (p’s < 0.05). 
The clearance rate of DA by DAT, indicated by the slope (extraction fraction) 
of regression lines, was affected by diet (Fig 12B: Diet Group: F(2, 22) = 3.87, 
p < 0.05; plots of regression lines can be seen in Fig 12C), whereas 
Chow/Palatable rats (both C and P Phase) had lower clearance of DA than 






Figure 12. Quantitative ‘no-net-flux’ microdialysis reveals DA system 
neuroadapatations in Chow/Palatable rats.  
Quantitative ‘no-net-flux’ microdialysis reveals DA system 
neuroadapatations in Chow/Palatable rats. Data are Mean ± SEM. (A) 
Extracellular DA concentration *p<0.05 vs. Chow/Chow group. (B) 
Extraction fraction (Ed; slope) *p<0.05 vs. Chow/Chow group. (C) plotted 
regression analysis. *p<0.05 Chow/Palatable: C Phase vs. Chow/Chow 
group; #p<0.05 Chow/Palatable: P Phase vs. Chow/Chow group. n = 25 for 









 Figure 13. Cannula placement for microdialysis experiments 
(A) in vivo microdialysis after d-Amphetamine and (B) quantitative 










Reduced sensitivity to d-Amphetamine  
These results provide experimental evidence that palatable diet 
alternation, a validated animal model of compulsive eating behavior (Cottone 
et al., 2009a; Iemolo et al., 2012; Blasio et al., 2013a; Iemolo et al., 2013), 
reduces sensitivity to d-Amphetamine, suggestive of reward system deficits. 
Specifically, Chow/Palatable rats displayed blunted d-Amphetamine-induced 
locomotor activity, lack of sensitivity to d-Amphetamine potentiation of BSR 
threshold, and decreased place conditioning to d-Amphetamine, when access 
to highly palatable diet was renewed.  
Preclinical studies investigating the effects of overconsumption of high 
fat and/or high sucrose diets on sensitivity to psychostimulants have 
observed mixed results in part due to the heterogeneity of diet formulations, 
access types, stimulant-type, etc. For example, limited access to a high-fat 
diet in mice produced greater locomotor sensitivity to d-Amphetamine (3 
mg/kg), observed as an increase compared to baseline activity; however, 
baseline activity was low in high-fat diet fed mice, and the actual ‘raw’ 
locomotor activity in response to d-Amphetamine was lower compared to 
controls (Fordahl et al., 2016). Furthermore, this study used a sensitization 
protocol, where a low-dose (0.5 mg/kg) of d-Amphetamine was given the day 




this experiment and the present study are likely due to the injection protocol 
(timing of injections, doses used) in different species (mice vs. rats) that were 
consuming different diets (high-fat vs. high sucrose) (Fordahl et al., 2016).  
We confirmed that ad libitum palatable diet alternation does not alter 
brain reward threshold per se (i.e. no differences in baseline BSR, including 
no differences between C and P Phase) (Iemolo et al., 2012). Reward deficits 
in the form of increased brain stimulation thresholds have been observed in 
rats following the development of high-fat diet induced obesity (Johnson and 
Kenny, 2010). The fact that we did not observe differences in baseline BSR 
threshold in our model may be due to a lack of an overweight phenotype, as 
rats with intermittent access to a palatable diet maintain equivalent body 
weight compared to controls (Cottone et al., 2008a). Indeed, Johnson and 
Kenny (2010) observed that rats with only intermittent daily access to a high-
sugar/high-fat diet did not become obese, and did not display thresholds 
different from controls. Nonetheless, using a more sensitive probing of 
reward system function via assessment of d-Amphetamine’s potentiating 
effects on BSR threshold (Valenza et al., 2015), here we observed decreased 
reward system function in Chow/Palatable rats re-exposed to the highly 
palatable diet. Thus, similarly to what was observed with the locomotor-




were less sensitive to the potentiating effects of d-Amphetamine on brain 
reward function.  
Our results of blunted place conditioning to d-Amphetamine in 
Chow/Palatable rats suggest reduced sensitivity to d-Amphetamine reward 
following a history of intermittent palatable diet. Accordingly, rats fed a high-
fat diet ad libitum and allowed to develop obesity or rats fed a restricted 
amount of high-fat diet to limit weight gain both did not show CPP for d-
Amphetamine (1 mg/kg) (Davis et al., 2008). In contrast to our findings, rats 
allowed continuous access to a sucrose solution in addition to laboratory chow 
showed an higher CPP score for a low dose of d-Amphetamine (0.33 mg/kg) 
compared to chow only (Vitale et al., 2003), suggesting increased sensitivity 
to d-Amphetamine reward. The discrepancy between this study and ours is 
most likely due to differences in pattern of palatable food access (intermittent 
vs. continuous). Intake patterns often produce differential behavioral and 
neurobiological outcomes (Corwin, 2006; Furlong et al., 2014), where notably 
intermittent access models more reliably produce maladaptive binge- and 
compulsive-like intake compared to continuous access.  
Interestingly, blunted behavioral sensitivity to d-Amphetamine was 
observed during the P Phase, but not the C Phase. We have previously shown 
that withdrawal from palatable food is characterized by anxiety- and 




et al., 2012). Compulsive eating, or overeating to relieve a negative emotional 
state, is driven by two main components: increased stress and decreased 
reward (Koob, 2013a; Moore et al., 2017c). Prior to these experiments, it was 
unknown whether the ‘increased stress’ component of overeating to relieve a 
negative emotional state is accompanied by concurrent reward deficits. These 
data suggest that decreased reward can be temporally dissociable from 
increased stress within compulsive eating. It is currently unknown if this is 
shared with drug addiction, as testing reward deficits is confounded by drug 
intoxication. Investigations into reward deficits in the context of food may 
therefore represent a unique opportunity to uncover distinctions between 
these dual components in an addiction-like disorder. 
 
Functional changes to DA system in Chow/Palatable rats 
Mirroring our behavioral observations, DA efflux in the NAc shell 
following an injection of d-Amphetamine was significantly reduced in 
Chow/Palatable rats. This neurochemical evidence of impaired DA system 
functioning in response to d-Amphetamine may represent the neural 
mechanism of insensitivity to d-Amphetamine observed in our behavioral 
experiments. Interestingly, DA efflux was reduced in Chow/Palatable rats 
regardless of phase, suggesting the involvement of other mechanisms in our 




Furthermore, we observed neuroadaptations to the DA and DAT 
systems that may also contribute to reward deficits. Using qPCR, we 
observed increased DAT mRNA in Chow/Palatable rats during the P Phase. 
To follow up on this finding, we investigated DAT functioning using 
quantitative ‘no-net-flux’ microdialysis methods, observing reduced DAT 
function in Chow/Palatable rats. This method also allowed for the 
quantification of extracellular DA at baseline, which was also reduced in 
Chow/Palatable rats, regardless of diet phase. Taken together, these 
experiments show multiple functional neuroadaptations to the DA system in 
Chow/Palatable rats, manifesting as downregulation of DA system.  
In accordance with these findings, a study of female rats made obese 
through continuous access to a palatable diet also exhibited reduced baseline 
DA, as well as lower electrically-evoked, and d-Amphetamine induced DA 
(Wang et al., 2001; Geiger et al., 2009). In our experiments, the reduced DA-
efflux following d-Amphetamine observed in Chow/Palatable rats is most 
likely mediated via reduced baseline extracellular DA and lower DAT 
function. As DAT is the main substrate of d-Amphetamine, dysfunctional 
DAT reduces the efficacy of d-Amphetamine (Vengeliene et al., 2017). This 
hypothesized mechanism is confirmed by the results obtained from the ‘no 
net flux’ experiment, where we observed reduced baseline extracellular DA 




assess the functional status of DAT in vivo, the reduced reward sensitivity to 
d-Amphetamine observed in Chow/Palatable animals could reflect either 
lower number of functional membrane bound DAT or less-efficient 
membrane-bound DAT. Furthermore, our observation of increased DAT 
mRNA in Chow/Palatable rats suggests that reductions in DAT function (i.e. 
reduced number and/or efficiency of DAT) may be responsible for a 
compensatory increase in mRNA that is observable during the P Phase. 
Other preclinical studies have also observed increases in DAT mRNA in 
obesity-prone (Alsio et al., 2010), or sucrose bingeing (Bello et al., 2003) rats. 
In support of our findings, a study looking at effects of intermittent high-fat 
diet access also found reductions in DAT function, observed using fast-scan 
cyclic voltammetry methods (Fordahl et al., 2016).  
We observed that Chow/Palatable rats in the C Phase showed 
evidence of DA system dysfunction, but did not display observable differences 
in behavioral response to d-Amphetamine. Specifically, Chow/Palatable rats 
showed lower DA efflux after d-Amphetamine treatment, as well as reduced 
baseline extracellular DA and DAT function, but when tested in the C Phase, 
behavioral measures of d-Amphetamine sensitivity were spared. While the 
mechanisms underlying this are not clear, it may be that DA is reduced in 
both C and P Phase, but the stores of DA are further depleted by recent 




response to d-Amphetamine and observable differences in behavioral 
sensitivity to d-Amphetamine.  Therefore, the observed reward sensitivity 
deficits are due to an interaction between a history of palatable diet 
alternation and present feeding state. 
 
CONCLUSIONS 
A neurobiological underpinning of compulsive eating behavior is 
overeating to relieve a negative emotional state: of which the neural 
underpinnings are 1) an increase in negative emotional states upon 
withdrawal and 2) downregulation of brain reward pathways. We have 
previously characterized the emergence of a negative emotional state in 
palatable diet alternated rats (Cottone et al., 2009a; Iemolo et al., 2012). The 
experiments presented here provide evidence for a concurrent reduction in 
brain reward function. Thus, intermittent overeating of palatable food causes 
reward deficits, which then in turn likely contribute to the perpetuation of 
compulsive eating behavior. Indeed in humans, DA release post-food 
ingestion was inversely correlated with a desire to eat (Thanarajah et al., 
2018); therefore, reduced function of the DA system may be one cause of food 
overconsumption. In support of this, deep brain stimulation of the striatum, 
blocked binge eating in rats, presumably through restoration of DA 




In summary, these experiments provide evidence that rats with a 
history of palatable diet access display dysfunctions in DA 
neurotransmission, namely lower baseline and d-Amphetamine evoked DA, 
as well as reduced function of the DA transporter. When coupled to recent 
overeating of a palatable diet, reward deficits are observed. Taken together 
with evidence of an emergence of a negative emotional state in this model of 
compulsive eating, it seems that animals who overeat in order to relieve a 
negative emotional state may experience decreases in reward system 
functioning; likely contributing to chronic, repeated cycles of compulsive 
eating behavior. In summary, these experiments provide evidence that rats 
with a history of palatable diet access display dysfunctions in DA 
neurotransmission, namely lower baseline DA and reduced function of the 
DA transporter. Taken together with evidence of an emergence of a negative 
emotional state in this model of compulsive eating, it seems that animals who 
overeat in order to relieve a negative emotional state may experience 
decreases in reward system functioning; likely contributing to chronic, 





CHAPTER FOUR: General Conclusions and Discussion 
 
OVERVIEW 
Scientific investigation of compulsive eating behavior: its etiology, 
manifestation, and neural basis, is in its infancy. Therefore, at this moment, 
we are working to elucidate a framework for compulsive eating. As 
compulsive eating behavior shares many behavioral and neurobiological 
similarities with compulsive drug use, we can use the general framework of 
addiction as a foundation by which we can modify as new evidence emerges. 
 
Aim 1: Determine whether impulsivity traits are risk factors for 
compulsive eating behavior 
Aim 2: Determine whether functional deficits in brain reward systems 
occur in compulsive eating 
 
To address these aims, I conducted a series of studies that were 






Chapter II: Impulsivity in binge and compulsive eating 
Impulsivity, a construct with many neurobiological overlaps with 
compulsivity, is understood to be a risk factor for drug addiction. In order to 
determine whether impulsivity was also associated with pathological eating 
behavior, we investigated two domains of impulsivity, impulsive action and 
impulsive choice, and their ability to predict later binge and/or compulsive 
eating behavior. We identified trait impulsive action, but not impulsive 
choice, as a risk factor for the development of binge and compulsive eating 
behavior. Rats that scored high or low in impulsive choice (i.e. delay 
discounting) showed equivalent levels of binge-like eating of a palatable diet. 
However, in comparing animals grouped by high or low impulsive action (i.e. 
motor impulsivity), those animals that were high in impulsive action showed 
higher binge-like eating behavior, motivation, and compulsive-like 
responding for a palatable diet. Therefore, impulsive action, but not 
impulsive choice, predicted the development of binge- and compulsive-like 
eating behaviors. 
 
Chapter III: Reward deficits in compulsive eating 
Reward deficits are implicated in overeating to relieve a negative 




drug addiction, previous experiments found that palatable diet alternation, a 
model of compulsive eating behavior, caused the emergence of a negative 
emotional state via recruitment of brain stress systems in the amygdala. We 
were interested in determining whether palatable diet alternation also would 
cause reward deficits and associated downregulation of the dopamine (DA) 
and dopamine transporter (DAT) system. In rats with a history of palatable 
diet alternation, we observed deficits in the stimulating, reward-enhancing, 
and rewarding effects of d-Amphetamine, and impaired d-Amphetamine-
induced DA efflux in the NAc-shell. Furthermore, DA and DAT systems were 
downregulated evidenced by decreased extracellular NAc-shell DA at 




We believe the studies described here advance the existing framework 
of compulsive eating behavior. Furthermore, we have identified key areas of 
overlap with substance use disorders (SUDs) and behavioral addictions. We 
found that high trait impulsive action is predictive of the development of 
binge- and compulsive eating behavior. Following a history of intermittent 
palatable diet access, we also observed functional neurobiological 
downregulation of the reward system. Identifying risk factors (i.e. individual-




access) that contribute to the development and perpetuation of compulsive 
eating behavior has implications for prevention and treatment of forms of 
obesity, ‘food addiction’, and binge eating disorder (BED). There remains 
many aspects of compulsive eating left for investigation. Specifically, some 
clear next steps with broad and substantial implications are 1) identifying 
propensity for other addictive behaviors in animal models of compulsive 
eating, 2) elucidating sex differences in compulsive eating characteristics, 
and 3) identifying therapeutic targets based on our understanding of the 
elements of compulsive eating behavior. 
 
Determine if compulsive eating behavior confers vulnerability to other 
addictive behaviors 
 The experiments presented throughout this dissertation have 1) 
identified an impulsivity trait susceptibility to compulsive eating behavior, 
and 2) uncovered functional reward deficits in a model of compulsive eating. 
These findings are two examples of many others that parallel observations in 
the drug addiction literature (i.e. overlapping neurobiological bases). This 
leads to the question of whether compulsive eating may predispose to 
compulsive drug use and vice versa.  
In clinical studies, understanding whether one form of compulsivity 




compulsivity in addiction and eating disorders is only recently gaining 
attention (Volkow and Fowler, 2000; Davis and Carter, 2009; Moore et al., 
2017c) and therefore, is not addressed in epidemiological and prevalence 
studies. However, existing prevalence data of SUDs and disorders 
characterized by compulsive eating support a high degree of comorbidity. 
Specifically, evidence consistently shows that BED and SUD are highly 
comorbid (Yanovski et al., 1993; Hudson et al., 2007; Javaras et al., 2008; 
Becker and Grilo, 2015). Though considerably less data exists for food 
addiction (as defined by the Yale Food Addiction Scale (Gearhardt et al., 
2009)), there is some evidence of higher food addiction prevalence in SUD 
patients (Canan et al., 2017). Further, food addiction predicted higher drug 
craving, indicating that comorbidity may indicate a ‘higher-risk’ phenotype 
(Canan et al., 2017). Eating disorders that are characterized by binge-eating 
have a greater association with SUDs, compared to eating disorders 
characterized by restriction (Bahji et al., 2019). Even in non-clinical samples, 
a higher frequency of binge-eating was associated with higher substance use 
frequencies (Fouladi et al., 2015). 
In obese, treatment-seeking patients, which represents a subgroup of 
the obese population that has a high comorbidity with binge eating disorder 
and food addiction (Niego et al., 2007), there is some evidence of increased 




disorders (Kalarchian et al., 2007; King et al., 2012). When considering the 
entirety of overweight/obese population, the data is mixed, showing either no 
association with SUD (Petry et al., 2008) or lower prevalence of alcohol and 
SUD (John et al., 2005; Simon et al., 2006). As obesity is an extremely 
heterogeneous condition, it is most likely that only certain subgroups are at 
risk for addictive behaviors, for example, those most likely to be treatment 
seeking (i.e. indicating psychological distress from symptoms) (Sansone and 
Sansone, 2013).  
An additional consideration in overlap between compulsive eating and 
compulsive drug use is co-occurance vs. lifetime comorbidity (i.e. whether the 
addictions overlap in time). An interesting phenomena is ‘addiction transfer,’ 
a theory that gained in traction after observations of increased ‘new onset’ 
SUDs that emerge following bariatric surgery (Kalarchian et al., 2007; Ivezaj 
et al., 2012; Fowler et al., 2014; Reslan et al., 2014). Individuals that report 
problematic eating of high-sugar/high-fat foods pre-weight loss surgery were 
at particularly high-risk for a new onset SUD (Fowler et al., 2014). 
Furthermore, one study noted a large discrepancy between a very high (30%) 
lifetime prevalence of substance use disorders vs. low current prevalence in 
obese individuals seeking bariatric surgery treatment (Kalarchian et al., 
2007). Therefore, it has been speculated that there is a shared predisposition, 




While preclinical research has thus far not focused on the overlap of 
compulsive eating and drug use directly, there are studies investigating the 
effects of overeating or obesity induced by palatable food access on drug-
related behavior. Multiple studies have demonstrated an increased 
propensity or sensitivity towards drugs. Palatable diet access increased 
acquisition of cocaine self- administration (Carroll and Lac, 1998), increased 
alcohol self-administration (Avena et al., 2004), and increased cocaine craving 
in rats genetically predisposed to obesity (Barnea et al., 2015). However, 
research in this area is sparse and considerably more studies are necessary to 
understand the cause and directionality of the relationship between drug use 
and compulsive eating. 
Based on their common neural substrates for compulsive eating as well 
as drug addiction, we would hypothesize that the emergence of a compulsive 
eating phenotype will also confer vulnerability to other addictive-like 
behaviors. Specifically, we observed reward deficits emerge in response to a 
history of intermittent palatable diet access (chapter III), thus, we would 
expect that these reward deficits would predispose rats to compulsive drug 
intake if allowed to self-administer. Indeed, we have collected preliminary 
evidence that shows palatable diet alternation results in increased intake of a 
d-Amphetamine solution in the home cage of Chow/Palatable rats. 




access to the palatable diet (P Phase), which is where reward deficits are 
observed. While these results need to be further replicated using intravenous 
drug self-administration (a model with more face validity than oral self-
administration), they are indicative that increased addictive-like behavior 
may be coupled to reward dysregulation induced by compulsive eating.  
 
Investigate potential sex differences in risk factors, development and 
neurobiological mechanisms that contribute to or maintain compulsive eating 
Prevalence rates of obesity, BED, and food addiction are higher in 
women and girls (Hudson et al., 2007; Pursey et al., 2014). Furthermore, 
evidence suggests women are more vulnerable to many aspects of addiction 
compared to men (Becker et al., 2012). Reasons that underlie these 
differences are multifactorial; however, individual-level factors (i.e. traits) 
and underlying neurobiology play a key role. Therefore, there is a need to 
investigate any differences in the neurobiological mechanisms that 
predispose or perpetuate compulsive eating behavior in males and females in 
order to most effectively prevent and treat these disorders.  
Our lab has shown that impulsive action, but not impulsive choice, 
predicted the development of compulsive eating behavior in male rats 
(Chapter II) (Velazquez-Sanchez et al., 2014; Moore et al., 2018a), which is 




difference studies have shown that females tend to show higher levels of 
impulsive choice, but not necessarily impulsive action (Weafer and de Wit, 
2014). Therefore, the observed increased tendency for females to engage in 
compulsive eating (Klump et al., 2013) is likely not due to increased rates of 
impulsive action in females, but may still be tied to related inhibitory control 
mechanisms. Negative urgency, a construct that measures impulsivity 
specifically in situations of increased distress, is a risk factor for developing 
binge eating and is more prevalent in females (Culbert et al., 2015). Negative 
urgency has been linked more strongly to binge eating than other domains of 
impulsivity (Booth et al., 2018), and is linked to compulsivity in substance 
use and behavioral addictions (Billieux et al., 2007; Maclaren et al., 2011; 
Smith and Cyders, 2016). Pursuing sex differences in impulsive traits that 
predict binge eating behavior is likely to uncover sex-specific strategies for 
prevention and therapeutic treatment.  
Differences in reward deficits between males and females have not 
been directly studied in the context of compulsive eating or addiction. 
However, it is known that dopaminergic signaling in response to drug reward 
is sexually dimorphic, largely driven by hormonal influences (Becker and 
Koob, 2016). Evidence suggests that in females, estradiol potentiates cocaine-
induced DA signaling in the dorsolateral striatum, but not the nucleus 




females compared to males (ovariectomized and castrated, respectively) 
(Cummings et al., 2014). Similar to higher binge-like eating of palatable food 
(Klump et al., 2013; Tapia et al., 2019), females exhibit much higher rates of 
drug self-administration (Lynch, 2006; Sanchez et al., 2014) although the DA 
response in the NAc is lower in female rats compared to males (Castner et al., 
1993; Cummings et al., 2014). This has been interpreted to reflect an 
exacerbation of drug taking in order to achieve comparable levels of NAc DA 
(Becker, 2016). Interestingly, high-impulsive male rats show lower NAc DA 
in response to d-Amphetamine (i.e. reduced reward sensitivity) (Zeeb et al., 
2016), as well as a predisposition for compulsive drug intake (Belin et al., 
2008). Therefore, we would hypothesize that reward deficits (i.e. blunted NAc 
DA in response to reward) may predispose females to overeating of palatable 
food. Furthermore, as we have shown that palatable diet alternation caused 
reward deficits and dysfunctions in the NAc DA system in male rats (Chapter 
III), we expect that reward deficits in females may be further exacerbated to 
perpetuate compulsive eating behaviors. Future investigations into sex 
differences and hormonal mediation of palatable diet alternation effects on 





Identify potential therapeutics for compulsive eating 
Our experiments presented in Chapters II and III contribute to both 
the behavioral and neurobiological elucidation of compulsive eating 
behaviors. Exploiting our knowledge of the mechanisms of characteristics of 
compulsive eating (i.e. impulsive action, reward deficits) will encourage 
treatment strategies with greater target-specificity for millions of people with 
eating disorders and obesity. This targeted approach has already led to some 
promising treatments, including Lisdexamfetamine (LDX), the first and only 
FDA-approved medication for BED. LDX has been shown to reduce binge 
eating behaviors as well as compulsive eating behaviors (assessed with the 
Yale-Brown Obsessive Compulsive Scale modified for Binge Eating; Y-BOCS-
BE) (Hudson et al., 2017). The therapeutic effects of LDX seem to be 
mediated, at least in part, through reducing impulsivity (Heal et al., 2016) 
and increasing striatal DA (Rowley et al., 2012). Furthermore, pexacerfont (a 
corticotropin releasing factor-1 receptor antagonist), intended to target the 
negative affective state associated with food withdrawal (Cottone et al., 
2009a), showed promise in reducing food problems/preoccupations, food 
craving and eating in a randomized, double-blinded, placebo-controlled study 






Trace Amine-Associated Receptor 1 (TAAR1) agonists 
An emerging class of potential therapeutics for compulsive eating 
behavior are trace amine-associated receptor 1 (TAAR1) agonists. TAAR1 is a 
G protein-coupled receptor activated by trace amines, a group of endogenous 
amines related to classical neurotransmitters, such as DA and serotonin 
(Borowsky et al., 2001; Bunzow et al., 2001; Burchett and Hicks, 2006). The 
TAAR1 system has recently gained attention as a neuromodulator of both 
dopaminergic and glutamatergic signaling (Revel et al., 2011), making it a 
very promising therapeutic target for multiple addiction-like disorders. 
Recently, work from our lab found that TAAR1 agonism reduced binge- and 
compulsive-like eating in rats (Ferragud et al., 2017). Current proposed 
mechanisms of how TAAR1 agonism may reduce compulsive eating includes 
modulation of impulsivity/inhibitory control systems in the prefrontal cortex, 
as well as modulation of reward processing via striatal dopaminergic 
signaling (Revel et al., 2012; Revel et al., 2013; Espinoza et al., 2015b; 
Ferragud et al., 2017).  
Impulsive-like behavior, which contributes to the development of 
compulsive eating behavior (Chapter II) (Velazquez-Sanchez et al., 2014) as 
well as compulsive drug use (Belin et al., 2008; Dalley et al., 2011), is linked 
with dysfunctions in prefrontal inhibitory control pathways. Furthermore, 




further inhibitory dysfunctions (Jentsch and Taylor, 1999), observed as 
reduced prefrontal activity (Volkow et al., 2013b). The TAAR1 system has 
been shown to regulate impulsivity: TAAR1 knockout mice were found to 
have enhanced impulsive-like behavior, and TAAR1 partial agonism reduced 
impulsive-like behavior in normal mice (Espinoza et al., 2015b). These effects 
may be due in part to TAAR1-mediated restoration of prefrontocortical 
glutamate activity (Espinoza et al., 2015b), thereby rescuing inhibitory 
control deficits observed in addiction and compulsive eating (Tomasi and 
Volkow, 2013; van Huijstee and Mansvelder, 2014). Work from our lab found 
that intermittent daily access to a palatable diet reduced TAAR1 protein 
expression in the medial prefrontal cortex (mPFC) (Ferragud et al., 2017). 
Furthermore, site specific administration of a TAAR1 full agonist into the 
infralimbic cortex, a subregion of the mPFC, reduced binge-like eating of a 
palatable diet (Ferragud et al., 2017). Therefore, TAAR1 agonism may reduce 
binge-like eating through restoring the loss of function in prefrontocortical 
TAAR1 transmission (Moore et al., 2018c). 
The effectiveness of TAAR1-targeted drugs to alleviate the reward 
deficits observed in compulsive eating or other substance and behavioral 
addictions is unclear. TAAR1 agonists have been shown to reduce the 
reinforcing and rewarding effects of cocaine and methamphetamine, as well 




Harkness et al., 2015; Pei et al., 2015; Liu et al., 2016; Sukhanov et al., 2016). 
However, TAAR1-targeted drugs have not yet been studied in the context of 
reward deficits or in a disease model of downregulated DA system function. 
There are some studies that suggest benefits of TAAR1 agonism or partial 
agonism in normalization of DA system functioning. Through interactions 
with DAT, TAAR1 activation has been found to inhibit DA uptake and 
promote dopamine efflux (Xie and Miller, 2009). In our model of compulsive 
eating, our rats exhibit lower extracellular baseline as well as reduced DAT 
activity (Chapter III), therefore TAAR1 agonism could theoretically reverse 
these deficits. There is also evidence that TAAR1 agonism has anti-
depressant like effects, mediated in part via dopamine type-1 receptor (D1R) 
signaling (Revel et al., 2013). In contrast, other studies have shown that 
TAAR1 agonists reduce (Bradaia et al., 2009; Revel et al., 2011), while partial 
TAAR1 agonists (Pei et al., 2017) and antagonists (Bradaia et al., 2009) 
increase VTA DA neuron firing, suggesting that TAAR1 maintains a degree 
of constitutive negatively modulatory activity on DA firing. Therefore, 
treatment with TAAR1 agonists may be better suited in early-stages of 
overeating behavior, rather than after compulsive eating behaviors (and 
associated reward deficits) have fully developed. Rather, TAAR1 partial 
agonists or antagonists may be more effective in modulating a downregulated 




currently known about the mechanisms of TAAR1-targeted drugs comes 
primarily from in vitro experiments, knockout animals or control (i.e. non-
disease model) animals. Therefore, though much more research is needed, 




Compulsive eating behavior has emerged as a transdiagnostic 
construct that characterizes some forms of obesity, BED, and food addiction. 
The existing framework of compulsive eating draws largely from analogous 
concepts in the drug addiction literature, and will be updated as research in 
this area continues to increase. The work presented in this dissertation adds 
evidentiary support to this framework, and enhances our understanding of 
the neurobiological mechanisms of compulsive eating behavior, with 







Appendix I contains supplementary information from the published 
manuscript Velazquez-Sanchez C, Ferragud A, Moore CF et al. 2014, 
Neuropsychopharmacology, which has been adapted for Chapter II of this 
dissertation. 
 
Supplementary Materials and Methods from Velazquez-Sanchez C, 
Ferragud A, Moore CF, et al. 2014 
Subjects 
Male Wistar rats, 45 days old on arrival (Charles River, Wilmington, 
MA), were triple-housed in wire-topped plastic cages in a 12-h reverse light 
cycle (lights off at 11:00 am) AAALAC-approved humidity-(60%) and 
temperature-controlled (22°C) vivarium. Animals were allowed a four-day 
habituation period to the research facility. Corn-based chow (Harlan Teklad 
LM-485 Diet 7012) and water were available in the home cage. Procedures 
adhered to the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and the Principles of Laboratory Animal Care, and were 
approved by Boston University Medical Campus Institutional Animal Care 







Operant chambers (30×24×29 cm) were identical to those previously 
described (Cottone et al., 2012; Blasio et al., 2013b). Briefly, the chambers 
(Med Associates, St Albans, VT) had wire- mesh floors and were located in 
ventilated, sound-attenuating enclosures (66×56×36 cm). A syringe pump 
delivered the solution into a stainless steel receptacle located 2 cm above the 
floor in the middle of the left wall of the chamber. Levers were placed 3.2 cm 
next to the drinking cup. Food pellets were delivered by a dispenser into a 
nosepoke aperture on the opposite wall of the chamber. 28-V stimulus cue-
lights were located above each lever and above the food magazine. Water was 
also delivered by a solenoid into a liquid cup nosepoke receptacle placed in 
the center of the right wall. All responses were recorded automatically by a 
microcomputer with 10 ms resolution. 
 
Differential reinforcement of low rates of responding (DRL) task in ad libitum 
fed rats 
Performance on the DRL task has been used to provide a measure of 
impulsive action, defined as the inability to withhold a response (Neill, 1976; 
Uslaner and Robinson, 2006; Dalley et al., 2008). The DRL procedure was 




2000; Simon et al., 2013) in ad libitum fed rats. Rats were trained to lever 
press for a “supersaccharin” solution in an overnight fixed ratio 1 (FR1) self-
administration session (Valenstein et al., 1967; Blasio et al., 2012), consisting 
of 1.5% w/v glucose and 0.4% w/v saccharin (Valenstein et al., 1967; Blasio et 
al., 2012). Rats were then trained on a DRL-5 s schedule for four sessions, 
during which a lever press resulted in the delivery of the supersaccharin 
solution if at least 5 s had elapsed since the previous lever press. If the rat 
made a premature lever press, the 5 s time period was reset; thus, rats were 
only reinforced if they withheld a response for longer than 5 s. Rats were 
then trained for four sessions on a DRL-10 s schedule, during which the 
response had to be withheld for 10 s in order to obtain reinforcement. Finally, 
rats were given 15 sessions on a DRL-15 s schedule. Impulsive action was 
assessed on the last four sessions of the DRL-15 s schedule, and was defined 
as efficiency [ratio between the rewarded responses and the total (rewarded + 
incorrect) responses], with higher efficiency reflecting more accurate 
performance, indicative of less impulsive action. During the last four sessions 
of DRL-15 s schedule, responding was highly stable and an intraclass 
correlation analysis of the efficiency showed very high internal consistency 
(Intraclass Correlation, Efficiency: ICC[2,4]=0.93, F(28,84)=15.61 p<0.0001) 
across the 4 days. The high intraclass correlation coefficient suggests very 




scores and subjects falling below the 60% percentile were assigned to the 
Low-impulsive group, while subjects falling above the 40% percentile were 
assigned to the High-impulsive group. 
 
Binge-like eating procedure in ad libitum fed rats 
Following the DRL procedure and separation of Low- and High-
impulsive rats, ad libitum fed rats were trained to acquire a nosepoke 
response for food and water in individual test cages (30×24×29 cm) on a fixed 
ratio 1 (FR1) continuous schedule of reinforcement in 1 h sessions, as 
described previously (Cottone et al., 2012; Blasio et al., 2013b). The operant 
boxes had grid floors and were located in ventilated, sound-attenuating 
enclosures (66×56×36 cm). Food reinforcers were delivered by a pellet 
dispenser (Med Associates Inc., St. Albans, VT). During instrumental 
training, food pellets were 45-mg precision pellets, identical in composition to 
the diet that rats received in the home cage as ~5 g extruded pellets (5TUM 
diet formulated as 4-5g extruded pellets, 65.5% [kcal] carbohydrate, 10.4% 
fat, 24.1% protein, metabolizable energy 330 cal/100 g; TestDiet, Richmond, 
IN). Therefore, in the operant chambers, rats were provided with a diet 
identical to the one received in the home cage to ensure that Chow rats’ food 
intake during operant sessions was not influenced by any hedonic factor, but 




Cottone et al., 2012; Blasio et al., 2013b). Pellet delivery was paired with a 
light-cue located above the nosepoke hole. Water reinforcers were 100 µl in 
volume, delivered by a solenoid into a liquid cup nosepoke receptacle. The 
sessions were performed daily before dark cycle onset. After attaining stable 
baseline performance in the 1-hr self-administration sessions, the testing 
procedure was initiated. Rats were assigned to either a “Chow” control group 
(Low-impulsive/Chow and High-impulsive/Chow) and continued to receive 
the same 45-mg chow pellets offered in the training phase, or a “Palatable” 
group (Low-impulsive/Palatable, and High-impulsive/Palatable), which 
instead received a nutritionally complete, chocolate-flavored, high sucrose 
(50% kcal), AIN-76A-based diet, comparable in macronutrient composition 
and energy density to the chow diet (chocolate-flavored Formula 5TUL: 66.7% 
[kcal] carbohydrate, 12.7% fat, 20.6% protein, metabolizable energy 344 
cal/100 g; formulated as 45 mg precision food pellets; TestDiet, Richmond, 
IN).  This chocolate-flavored diet is strongly preferred by all rats (Cottone et 
al., 2008a; Cottone et al., 2009b). The rats were tested daily for 1 h sessions. 
After acquiring stable responding under the FR1 schedule of reinforcement, 
the number of responses required to obtain one pellet was increased from 






Progressive ratio schedule of reinforcement for food 
Following testing under the fixed ratio schedules, rats were moved to a 
progressive ratio schedule of reinforcement, where the number of responses 
required to obtain a food pellet increased with successive food reinforcers 
based on the following shallow exponential progression: response ratio = 
[4·(e# of reinforcer*0.075) –3.8], rounded to the nearest integer. To avoid unintended 
session starts (e.g., due to exploratory, rather than food-directed activity), the 
first reinforcement required three responses. Thus, the progressive ratio 
schedule was 3, 1, 1, 2, 2, 2, 3, 3, 4, 5, 5, 6, 7, 8, 9, 9, 11, 12, 13, 14, 16, 17, 19, 
20, 22, 24, 27, 29, etc. responses. Sessions ended when subjects had not 
completed a ratio for 14 min, with the last completed ratio defined as the 
breakpoint. This criterion was used because male Wistar rats do not 
voluntarily wait longer than 14 min between meals without eating a pellet 
(Zorrilla et al., 2005; Cottone et al., 2007). Thus, sessions involved rats 
initiating a meal but with the meal ending prematurely (prior to full 
satiation); when escalating, response requirements surpassed the rats' 
breakpoints. The latency was set to a maximum of 1 h. At the end of each 
session, subjects were returned to their home cage, where the regular chow 





Light/Dark conflict test 
The day after the last PR session, rats were tested in a light/dark 
conflict test. The same rats used for the development of the binge-like eating 
procedure were tested in a light/dark rectangular box (50×100×35 cm) in 
which the aversive, bright compartment (50×70×35 cm) was illuminated by a 
60 lux light. The dark compartment (50×30×35 cm) had an opaque cover and 
~0 lux of light. The two compartments were connected by an open doorway 
which allowed the subjects to move freely between the two (Teegarden and 
Bale, 2007; Cottone et al., 2012; Dore et al., 2013b). A shallow, metal cup 
containing a pre-weighed amount of the same food received during self-
administration (45-mg chow pellets for Chow rats or 45-mg chocolate pellets 
for Palatable rats) was positioned in the center of the light compartment. 
Rats were habituated to an ante-room 2 h prior to testing. White noise was 
present during both habituation and testing.  On the test day, rats were 
placed into the light compartment, facing both the food cup and the doorway. 
Under normal, control conditions, eating behavior is typically suppressed 
when a rat is in the aversive bright environment; a significant increase in 
food intake in spite of these adverse conditions, as compared to control 
conditions, was operationalized as a construct of “compulsive-like eating” 
(Belin et al., 2008; Heyne et al., 2009; Hopf et al., 2010; Johnson and Kenny, 




apparatus was cleaned with a water-dampened cloth after each subject. Rats 
had access to food ad libitum at all times; water was not available during the 
10-min test. 
ΔFosB immunohistochemistry 
Perfusions and immunohistochemistry 
At the end of the behavioral procedures, animals were transcardially 
perfused with 0.9% saline followed by 4% paraformaldehyde (PFA) in 0.1 
phosphate buffer (PB) under deep isoflurane anesthesia. Brains were 
removed, postfixed in 4% PFA for 24 h and then stored in 30% sucrose in PB 
buffer at 4°C until saturation. Brains were sectioned coronally at 30µm using 
a cryostat and stored in a cryoprotectant solution at -20°C. For technical 
reasons related to the section quality four subjects were excluded. Every sixth 
section from 2.16 mm of the nucleus accumbens was selected in a systematic 
manner and processed for immunohistochemistry. Briefly, for ΔFosB 
immunohistochemistry, mounted sections were washed in a phosphate saline 
(PBS) buffer. After the initial washing, sections were incubated in 1% 
hydrogen peroxide PBS solution for 10 min to block endogenous peroxidases. 
Sections were washed again and placed in blocking solution (5% normal goat 
serum and 0.4% Triton X100) for 1 h respectively. Slides were transferred 
into primary antibodies (ΔFosB, 1:500, sc-48 Santa Cruz Biotechnology) 




and incubated for 24 h at 4°C. Following an additional wash, sections were 
incubated in the secondary antibody (biotinylated goat anti-rabbit 1:500 in 
PBS, Vector Laboratories) for 1 h at room temperature. Sections were washed 
and incubated in an avidin–biotin horseradish peroxidase ABC solution 
(1:1000 in PBS, Vector Laboratories) for 1 h. Slides were then incubated 
using diaminobenzidine substrate kit (Vector Laboratories) according to the 
manufacturer’s instructions and once the reaction was complete, sections 
were rinsed in PBS. For the reaction, nickel sulfate was also used. Slides 
were dehydrated using graded alcohol solutions and coverslipped using DPX 
mountant (Electron Microscopy Sciences, Hatfield, PA, USA).  
 
Quantification of ΔFosB+ cells 
The quantification was performed using an Olympus (Center Valley, 
PA, USA) BX-51 microscope equipped with a Rotiga 2000R live video camera 
(QImaging, Surrey, BC, Canada), a three-axis MAC6000 XYZ motorized stage 
(Ludl Electronics, Hawthorne, NY, USA), and a personal computer 
workstation. The investigators were blind to the treatment conditions. 
Contours of the core and shell for the nucleus accumbens were drawn at 2X 
magnification using Stereo Investigator software (MicroBrightField, 




360 µm and 75 x 75 µm, respectively. The thickness was measured several 
times in a random manner in each animal and an average was used to 
estimate the total volume of the sample region and the total number of ΔFosB 
cells. Two subjects were excluded because outliers. The results were 
expressed as the number of ΔFosB-positive cells (cell/volume) for each of the 
region studied. 
 
Data and Statistical analyses 
Establishment of food addiction-like criteria, food addiction-like score and 
subpopulations of rats. 
The approach used to establish the food addiction-like criteria and the 
food addiction-like score was analogous those previously used to establish 
addiction-like behaviors in cocaine self-administering outbred rats (Deroche-
Gamonet et al., 2004; Belin et al., 2008). Animals were ranked for each 
criterion independently. The five-day average of the plateaued intake under 
FR1 responding, the two-day average of the breakpoint under the progressive 
ratio schedule of reinforcement and the intake in the light/dark conflict test, 
were used to operationalize the three food addiction-like behaviors [i) 
excessive intake, ii) motivation for food, and iii) compulsive eating]. The three 




inclusion/exclusion condition: a subject was considered positive for a given 
criterion, if it fell above the 33% highest percentile of that distribution. If a 
rat was considered positive for a given food addiction-like criterion, it was 
given an arbitrary criterion score of 1. Then the arbitrary criteria scores were 
added so that four different groups were identified depending on the number 
of positive criteria they met (from 0 to 3). The food addiction-like score was 
calculated as follows (Deroche-Gamonet et al., 2004; Belin et al., 2008): 
Food Addiction-like score = !!!!     
where   !! = (!! − !!)/!! 
The food addiction-like score was calculated as the algebraic sum of the 
individual standardized scores (!!), of each of the three food addiction-like 
behaviors (!, excessive intake, motivation for food, or compulsive eating). 
Each individual standardized score (!!) for a given distribution (!) was 
calculated by subtracting each behavioral measure (!!) of each individual 
subject (!) from the mean of that distribution (!!) and this difference was 
then divided by the standard deviation of that distribution (!!). Individual 
standardized scores had a mean of 0 and a standard deviation of 1. 
 
Data analysis 
Two-way analyses of variance (ANOVAs) with Impulsivity and Food as 




1 food intake, food intake under FR3 and FR5 schedules of reinforcement, 
breakpoint under a progressive ratio schedule of reinforcement, intake in the 
light/dark conflict test, food addiction-like score, and ΔFosB-positive cell 
counts in the nucleus accumbens core and shell. Changes in daily food intake 
over the first 14 days of testing were analyzed using a three-way mixed-
design analysis of variance with Impulsivity and Food as between-subjects 
factors and Day as a within-subject factor. To evaluate the internal 
consistency of measurements and to determine whether rats stably differed 
in their individual performances, two-way, random effect intraclass 
correlations (ICC) of absolute agreement (Shrout and Fleiss, 1979a; Cottone 
et al., 2008b; Cottone et al., 2009b; Blasio et al., 2012) were performed on the 
efficiency during the last 4 days of training in the DRL. Differences in food 
intake in FR1 schedule of reinforcement, breakpoint under progressive ratio 
schedule of reinforcement, and intake in the light/dark conflict test across the 
4 criteria were analyzed using one-way ANOVAs with Criteria as a between-
subjects factor. Differences in the food addiction-like score across the 4 
criteria were analyzed using one-way ANOVA with Criteria as a between-
subjects factor. Regression analyses were used to test the relationship 
between the criteria and food intake in FR1 schedule of reinforcement, 
breakpoint under progressive ratio schedule of reinforcement, and intake in 




Fisher’s LSD tests. The software/graphic packages were Systat 12.0 and 
SigmaPlot 12.0 (Systat Software Inc., Chicago, IL), SPSS Statistics 18 (SPSS 




Figure A1.  ΔFosB expression in the dorsal striatum.  
(A and B) ΔFosB expression in the dorsal striatum expressed as 
density change (%) in relation to the Low-impulsive/Chow group. Statistical 
analysis revealed a main effect of Food (Food: F1,20=9.5, p≤0.027). (B) A small 
correlation between the food addiction-like behavior and ΔFosB expression in 
the dorsal striatum was found (r2=0.21, p≤0.05). (C) Representative 
micrographs (20X) of ΔFosB expression in dorsal striatum of the different 












Agh, T., Kovacs, G., Supina, D., Pawaskar, M., Herman, B.K., Voko, Z., and 
Sheehan, D.V. (2016). A systematic review of the health-related quality 
of life and economic burdens of anorexia nervosa, bulimia nervosa, and 
binge eating disorder. Eating and weight disorders. doi: 
10.1007/s40519-016-0264-x. 
 
Ahima, R.S. (2009). The end of overeating: Taking control of the insatiable 
American appetite. Journal of clinical investigation 119(10), 2867. 
 
Ahima, R.S., and Lazar, M.A. (2013). Physiology. The health risk of obesity--
better metrics imperative. Science 341(6148), 856-858. doi: 
10.1126/science.1241244. 
 
Alonso, G., Phan, V., Guillemain, I., Saunier, M., Legrand, A., Anoal, M., and 
Maurice, T. (2000). Immunocytochemical localization of the sigma(1) 
receptor in the adult rat central nervous system. Neuroscience 97(1), 
155-170. 
 
Alsio, J., Olszewski, P.K., Norback, A.H., Gunnarsson, Z.E., Levine, A.S., 
Pickering, C., and Schioth, H.B. (2010). Dopamine D1 receptor gene 
expression decreases in the nucleus accumbens upon long-term 
exposure to palatable food and differs depending on diet-induced 
obesity phenotype in rats. Neuroscience 171(3), 779-787. doi: 
10.1016/j.neuroscience.2010.09.046. 
 
American Psychiatric Association (2000). Diagnostic and statistical manual of 
mental disorders. Arlington, VA: American Psychiatric Publishing. 
 
American Psychiatric Association (2013). Diagnostic and statistical manual of 
mental disorders. Arlington, VA: American Psychiatric Publishing. 
 
Arif, A.A., and Rohrer, J.E. (2005). Patterns of alcohol drinking and its 
association with obesity: data from the Third National Health and 
Nutrition Examination Survey, 1988-1994. BMC public health 5, 126. 
doi: 10.1186/1471-2458-5-126. 
 
Avena, N.M., Bocarsly, M.E., Rada, P., Kim, A., and Hoebel, B.G. (2008a). 
After daily bingeing on a sucrose solution, food deprivation induces 
anxiety and accumbens dopamine/acetylcholine imbalance. Physiology 





Avena, N.M., Carrillo, C.A., Needham, L., Leibowitz, S.F., and Hoebel, B.G. 
(2004). Sugar-dependent rats show enhanced intake of unsweetened 
ethanol. Alcohol 34(2-3), 203-209. doi: 10.1016/j.alcohol.2004.09.006. 
 
Avena, N.M., Gearhardt, A.N., Gold, M.S., Wang, G.J., and Potenza, M.N. 
(2012). Tossing the baby out with the bathwater after a brief rinse? 
The potential downside of dismissing food addiction based on limited 
data. Nature reviews neuroscience 13(7), 514; author reply 514. doi: 
10.1038/nrn3212-c1. 
 
Avena, N.M., Rada, P., and Hoebel, B.G. (2008b). Evidence for sugar 
addiction: behavioral and neurochemical effects of intermittent, 
excessive sugar intake. Neuroscience & biobehavioral reviews 32(1), 20-
39. doi: 10.1016/j.neubiorev.2007.04.019. 
 
Babbs, R.K., Sun, X., Felsted, J., Chouinard-Decorte, F., Veldhuizen, M.G., 
and Small, D.M. (2013). Decreased caudate response to milkshake is 
associated with higher body mass index and greater impulsivity. 
Physiology & behavior 121, 103-111. doi: 
10.1016/j.physbeh.2013.03.025. 
 
Bahji, A., Mazhar, M.N., Hudson, C.C., Nadkarni, P., MacNeil, B.A., and 
Hawken, E. (2019). Prevalence of substance use disorder comorbidity 
among individuals with eating disorders: A systematic review and 
meta-analysis. Psychiatry research 273, 58-66. doi: 
10.1016/j.psychres.2019.01.007. 
 
Baladi, M.G., Daws, L.C., and France, C.P. (2012). You are what you eat: 
influence of type and amount of food consumed on central dopamine 
systems and the behavioral effects of direct- and indirect-acting 
dopamine receptor agonists. Neuropharmacology 63(1), 76-86. doi: 
10.1016/j.neuropharm.2012.02.005. 
 
Balodis, I.M., Grilo, C.M., Kober, H., Worhunsky, P.D., White, M.A., Stevens, 
M.C., Pearlson, G.D., and Potenza, M.N. (2014). A pilot study linking 
reduced fronto-Striatal recruitment during reward processing to 
persistent bingeing following treatment for binge-eating disorder. The 






Balodis, I.M., Kober, H., Worhunsky, P.D., White, M.A., Stevens, M.C., 
Pearlson, G.D., Sinha, R., Grilo, C.M., and Potenza, M.N. (2013a). 
Monetary reward processing in obese individuals with and without 
binge eating disorder. Biological psychiatry 73(9), 877-886. doi: 
10.1016/j.biopsych.2013.01.014. 
 
Balodis, I.M., Molina, N.D., Kober, H., Worhunsky, P.D., White, M.A., Rajita, 
S., Grilo, C.M., and Potenza, M.N. (2013b). Divergent neural 
substrates of inhibitory control in binge eating disorder relative to 
other manifestations of obesity. Obesity 21(2), 367-377. doi: 
10.1002/oby.20068. 
 
Barnea, R., Bekker, L., Zifman, N., Marco, A., Yadid, G., and Weller, A. 
(2015). Trait and state binge eating predispose towards cocaine 
craving. Addiction biology. doi: 10.1111/adb.12315. 
 
Barnea-Ygael, N., Yadid, G., Yaka, R., Ben-Shahar, O., and Zangen, A. 
(2012). Cue-induced reinstatement of cocaine seeking in the rat 
"conflict model": effect of prolonged home-cage confinement. 
Psychopharmacology 219(3), 875-883. doi: 10.1007/s00213-011-2416-z. 
 
Batterink, L., Yokum, S., and Stice, E. (2010). Body mass correlates inversely 
with inhibitory control in response to food among adolescent girls: an 
fMRI study. NeuroImage 52(4), 1696-1703. doi: 
10.1016/j.neuroimage.2010.05.059. 
 
Becker, D.F., and Grilo, C.M. (2015). Comorbidity of mood and substance use 
disorders in patients with binge-eating disorder: Associations with 
personality disorder and eating disorder pathology. Journal of 
psychosomatic research 79(2), 159-164. doi: 
10.1016/j.jpsychores.2015.01.016. 
 
Becker, J.B. (2016). Sex differences in addiction. Dialogues in clinical 
neuroscience 18(4), 395-402. 
 
Becker, J.B., and Koob, G.F. (2016). Sex Differences in Animal Models: Focus 
on Addiction. Pharmacological reviews 68(2), 242-263. doi: 
10.1124/pr.115.011163. 
 
Becker, J.B., Perry, A.N., and Westenbroek, C. (2012). Sex differences in the 




hypothesis. Biology of sex differences 3(1), 14. doi: 10.1186/2042-6410-
3-14. 
 
Belin, D., and Everitt, B.J. (2008). Cocaine seeking habits depend upon 
dopamine-dependent serial connectivity linking the ventral with the 
dorsal striatum. Neuron 57(3), 432-441. doi: 
10.1016/j.neuron.2007.12.019. 
 
Belin, D., Mar, A.C., Dalley, J.W., Robbins, T.W., and Everitt, B.J. (2008). 
High impulsivity predicts the switch to compulsive cocaine-taking. 
Science 320(5881), 1352-1355. doi: 10.1126/science.1158136. 
 
Belin-Rauscent, A., Fouyssac, M., Bonci, A., and Belin, D. (2015). How 
Preclinical Models Evolved to Resemble the Diagnostic Criteria of 
Drug Addiction. Biological psychiatry. doi: 
10.1016/j.biopsych.2015.01.004. 
 
Bello, N.T., Lucas, L.R., and Hajnal, A. (2002). Repeated sucrose access 
influences dopamine D2 receptor density in the striatum. Neuroreport 
13(12), 1575-1578. 
 
Bello, N.T., Sweigart, K.L., Lakoski, J.M., Norgren, R., and Hajnal, A. (2003). 
Restricted feeding with scheduled sucrose access results in an 
upregulation of the rat dopamine transporter. American journal of 
physiology- regulatory, integrative and comparative physiology 284(5), 
R1260-1268. doi: 10.1152/ajpregu.00716.2002. 
 
Berlin, G.S., and Hollander, E. (2014). Compulsivity, impulsivity, and the 
DSM-V process. CNS Spectrums 19(1), pp 62-68. doi: 
10.1017/S1092852913000722. 
 
Billieux, J., Van der Linden, M., and Ceschi, G. (2007). Which dimensions of 
impulsivity are related to cigarette craving? Addictive behaviors 32(6), 
1189-1199. doi: 10.1016/j.addbeh.2006.08.007. 
 
Birch, L.L. (1999). Development of food preferences. Annual review of 
nutrition 19, 41-62. 
 
Blasio, A., Iemolo, A., Sabino, V., Petrosino, S., Steardo, L., Rice, K.C., 
Orlando, P., Iannotti, F.A., Di Marzo, V., Zorrilla, E.P., and Cottone, P. 




palatable food: role of the central amygdala. Neuropsychopharmacology 
38(12), 2498-2507. doi: 10.1038/npp.2013.153. 
 
Blasio, A., Narayan, A.R., Kaminski, B.J., Steardo, L., Sabino, V., and 
Cottone, P. (2012). A modified adjusting delay task to assess impulsive 
choice between isocaloric reinforcers in non-deprived male rats: effects 
of 5-HT(2)A/C and 5-HT(1)A receptor agonists. Psychopharmacology 
219(2), 377-386. doi: 10.1007/s00213-011-2517-8. 
 
Blasio, A., Rice, K.C., Sabino, V., and Cottone, P. (2014a). Characterization of 
a shortened model of diet alternation in female rats: effects of the CB1 
receptor antagonist rimonabant on food intake and anxiety-like 
behavior. Behavioral Pharmacology 25(7), 609-617. doi: 
10.1097/FBP.0000000000000059. 
 
Blasio, A., Steardo, L., Sabino, V., and Cottone, P. (2013b). Opioid system in 
the medial prefrontal cortex mediates binge-like eating. Addiction 
biology. doi: 10.1111/adb.12033. 
 
Blasio, A., Steardo, L., Sabino, V., and Cottone, P. (2014b). Opioid system in 
the medial prefrontal cortex mediates binge-like eating. Addiction 
biology 19(4), 652-662. doi: 10.1111/adb.12033. 
 
Blasio, A., Valenza, M., Iyer, M.R., Rice, K.C., Steardo, L., Hayashi, T., 
Cottone, P., and Sabino, V. (2015). Sigma-1 receptor mediates 
acquisition of alcohol drinking and seeking behavior in alcohol-
preferring rats. Behavioural brain research 287, 315-322. doi: 
10.1016/j.bbr.2015.03.065. 
 
Boeka, A.G., and Lokken, K.L. (2011). Prefrontal systems involvement in 
binge eating. Eating and weight disorders 16(2), e121-126. 
 
Booth, C., Spronk, D., Grol, M., and Fox, E. (2018). Uncontrolled eating in 
adolescents: The role of impulsivity and automatic approach bias for 
food. Appetite 120, 636-643. doi: 10.1016/j.appet.2017.10.024. 
 
Borowsky, B., Adham, N., Jones, K.A., Raddatz, R., Artymyshyn, R., 
Ogozalek, K.L., Durkin, M.M., Lakhlani, P.P., Bonini, J.A., Pathirana, 
S., Boyle, N., Pu, X., Kouranova, E., Lichtblau, H., Ochoa, F.Y., 
Branchek, T.A., and Gerald, C. (2001). Trace amines: identification of a 
family of mammalian G protein-coupled receptors. Proceedings of the 




 98(16), 8966-8971. doi: 10.1073/pnas.151105198. 
 
Boyson, C.O., Holly, E.N., Shimamoto, A., Albrechet-Souza, L., Weiner, L.A., 
DeBold, J.F., and Miczek, K.A. (2014). Social stress and CRF-dopamine 
interactions in the VTA: role in long-term escalation of cocaine self-
administration. The journal of neuroscience 34(19), 6659-6667. doi: 
10.1523/JNEUROSCI.3942-13.2014. 
 
Bradaia, A., Trube, G., Stalder, H., Norcross, R.D., Ozmen, L., Wettstein, 
J.G., Pinard, A., Buchy, D., Gassmann, M., Hoener, M.C., and Bettler, 
B. (2009). The selective antagonist EPPTB reveals TAAR1-mediated 
regulatory mechanisms in dopaminergic neurons of the mesolimbic 
system. Proceedings of the National Academy of Sciences of the United 
States of America 106(47), 20081-20086. doi: 10.1073/pnas.0906522106. 
 
Brennan, B.P., Roberts, J.L., Fogarty, K.V., Reynolds, K.A., Jonas, J.M., and 
Hudson, J.I. (2008). Memantine in the treatment of binge eating 
disorder: an open-label, prospective trial. The international journal of 
eating disorders 41(6), 520-526. doi: 10.1002/eat.20541. 
 
Broos, N., Diergaarde, L., Schoffelmeer, A.N., Pattij, T., and De Vries, T.J. 
(2012a). Trait impulsive choice predicts resistance to extinction and 
propensity to relapse to cocaine seeking: a bidirectional investigation. 
Neuropsychopharmacology 37(6), 1377-1386. doi: 
10.1038/npp.2011.323. 
 
Broos, N., Schmaal, L., Wiskerke, J., Kostelijk, L., Lam, T., Stoop, N., 
Weierink, L., Ham, J., de Geus, E.J., Schoffelmeer, A.N., van den 
Brink, W., Veltman, D.J., de Vries, T.J., Pattij, T., and Goudriaan, A.E. 
(2012b). The relationship between impulsive choice and impulsive 
action: a cross-species translational study. PloS one 7(5), e36781. doi: 
10.1371/journal.pone.0036781. 
 
Bruch, H. (1973). Eating disorders; obesity, anorexia nervosa, and the person 
within. New York,: Basic Books. 
 
Bunzow, J.R., Sonders, M.S., Arttamangkul, S., Harrison, L.M., Zhang, G., 
Quigley, D.I., Darland, T., Suchland, K.L., Pasumamula, S., Kennedy, 
J.L., Olson, S.B., Magenis, R.E., Amara, S.G., and Grandy, D.K. (2001). 
Amphetamine, 3,4-methylenedioxymethamphetamine, lysergic acid 




are agonists of a rat trace amine receptor. Molecular pharmacology 
60(6), 1181-1188. 
 
Burchett, S.A., and Hicks, T.P. (2006). The mysterious trace amines: protean 
neuromodulators of synaptic transmission in mammalian brain. 
Progress in neurobiology 79(5-6), 223-246. doi: 
10.1016/j.pneurobio.2006.07.003. 
 
Calvez, J., and Timofeeva, E. (2016). Behavioral and hormonal responses to 
stress in binge-like eating prone female rats. Physiology & behavior 
157, 28-38. doi: 10.1016/j.physbeh.2016.01.029. 
 
Canan, F., Karaca, S., Sogucak, S., Gecici, O., and Kuloglu, M. (2017). Eating 
disorders and food addiction in men with heroin use disorder: a 
controlled study. Eating and weight disorders : EWD 22(2), 249-257. 
doi: 10.1007/s40519-017-0378-9. 
 
Carr, K.D. (2016). Nucleus Accumbens AMPA Receptor Trafficking 
Upregulated by Food Restriction: An Unintended Target for Drugs of 
Abuse and Forbidden Foods. Current opinion in behavioral sciences 9, 
32-39. doi: 10.1016/j.cobeha.2015.11.019. 
 
Carroll, M.E., and Lac, S.T. (1998). Dietary additives and the acquisition of 
cocaine self-administration in rats. Psychopharmacology 137(1), 81-89. 
 
Castner, S.A., Xiao, L., and Becker, J.B. (1993). Sex differences in striatal 
dopamine: in vivo microdialysis and behavioral studies. Brain 
Research 610(1), 127-134. 
 
Chamberlain, S.R., Mogg, K., Bradley, B.P., Koch, A., Dodds, C.M., Tao, W.X., 
Maltby, K., Sarai, B., Napolitano, A., Richards, D.B., Bullmore, E.T., 
and Nathan, P.J. (2012). Effects of mu opioid receptor antagonism on 
cognition in obese binge-eating individuals. Psychopharmacology 
224(4), 501-509. doi: 10.1007/s00213-012-2778-x. 
 
Chamberlain, S.R., and Sahakian, B.J. (2007). The neuropsychiatry of 
impulsivity. Current opinion in psychiatry 20(3), 255-261. doi: 
10.1097/YCO.0b013e3280ba4989. 
 
Chen, B.T., Yau, H.J., Hatch, C., Kusumoto-Yoshida, I., Cho, S.L., Hopf, 




hypoactivity prevents compulsive cocaine seeking. Nature 496(7445), 
359-362. doi: 10.1038/nature12024. 
 
Clark, M.M., Niaura, R., King, T.K., and Pera, V. (1996). Depression, 
smoking, activity level, and health status: pretreatment predictors of 
attrition in obesity treatment. Addictive behaviors 21(4), 509-513. 
 
Colantuoni, C., Rada, P., McCarthy, J., Patten, C., Avena, N.M., Chadeayne, 
A., and Hoebel, B.G. (2002). Evidence that intermittent, excessive 
sugar intake causes endogenous opioid dependence. Obesity research 
10(6), 478-488. doi: 10.1038/oby.2002.66. 
 
Colantuoni, C., Schwenker, J., McCarthy, J., Rada, P., Ladenheim, B., Cadet, 
J.L., Schwartz, G.J., Moran, T.H., and Hoebel, B.G. (2001). Excessive 
sugar intake alters binding to dopamine and mu-opioid receptors in the 
brain. Neuroreport 12(16), 3549-3552. 
 
Corbit, L.H. (2016). Effects of obesogenic diets on learning and habitual 
responding. Current opinion in behavioral sciences 9, 84-90. 
 
Corbit, L.H., Nie, H., and Janak, P.H. (2012). Habitual alcohol seeking: time 
course and the contribution of subregions of the dorsal striatum. 
Biological psychiatry 72(5), 389-395. doi: 
10.1016/j.biopsych.2012.02.024. 
 
Corey, D.T. (1978). The determinants of exploration and neophobia. 
Neuroscience & biobehavioral reviews 
 2(4), 235-253. 
 
Corwin, R.L. (2006). Bingeing rats: a model of intermittent excessive 
behavior? Appetite 46(1), 11-15. 
 
Corwin, R.L., Avena, N.M., and Boggiano, M.M. (2011). Feeding and reward: 
perspectives from three rat models of binge eating. Physiology & 
behavior 104(1), 87-97. doi: 10.1016/j.physbeh.2011.04.041. 
 
Corwin, R.L., and Grigson, P.S. (2009). Symposium overview--Food addiction: 
fact or fiction? The journal of nutrition 139(3), 617-619. doi: 
10.3945/jn.108.097691. 
 
Cottone, P., Iemolo, A., Narayan, A.R., Kwak, J., Momaney, D., and Sabino, 




and memantine preferentially increase the choice for a small, 
immediate reward in low-impulsive rats. Psychopharmacology 226(1), 
127-138. doi: 10.1007/s00213-012-2898-3. 
 
Cottone, P., Sabino, V., Roberto, M., Bajo, M., Pockros, L., Frihauf, J.B., 
Fekete, E.M., Steardo, L., Rice, K.C., Grigoriadis, D.E., Conti, B., Koob, 
G.F., and Zorrilla, E.P. (2009a). CRF system recruitment mediates 
dark side of compulsive eating. Proceedings of the National Academy of 
Sciences of the United States of America 106(47), 20016-20020. doi: 
10.1073/pnas.0908789106. 
 
Cottone, P., Sabino, V., Steardo, L., and Zorrilla, E.P. (2007). FG 7142 
specifically reduces meal size and the rate and regularity of sustained 
feeding in female rats: evidence that benzodiazepine inverse agonists 
reduce food palatability. Neuropsychopharmacology 32(5), 1069-1081. 
doi: 10.1038/sj.npp.1301229. 
 
Cottone, P., Sabino, V., Steardo, L., and Zorrilla, E.P. (2008a). Intermittent 
access to preferred food reduces the reinforcing efficacy of chow in rats. 
American journal of phsyiology- regulatory, integrative, and 
comparative physiology 295(4), R1066-1076. doi: 
10.1152/ajpregu.90309.2008. 
 
Cottone, P., Sabino, V., Steardo, L., and Zorrilla, E.P. (2008b). Opioid-
dependent anticipatory negative contrast and binge-like eating in rats 
with limited access to highly preferred food. Neuropsychopharmacology 
33(3), 524-535. doi: 10.1038/sj.npp.1301430. 
 
Cottone, P., Sabino, V., Steardo, L., and Zorrilla, E.P. (2009b). 
Consummatory, anxiety-related and metabolic adaptations in female 
rats with alternating access to preferred food. 
Psychoneuroendocrinology 34(1), 38-49. doi: 
10.1016/j.psyneuen.2008.08.010. 
 
Cottone, P., Wang, X., Park, J.W., Valenza, M., Blasio, A., Kwak, J., Iyer, 
M.R., Steardo, L., Rice, K.C., Hayashi, T., and Sabino, V. (2012). 
Antagonism of sigma-1 receptors blocks compulsive-like eating. 
Neuropsychopharmacology 37(12), 2593-2604. doi: 
10.1038/npp.2012.89. 
 
Culbert, K.M., Racine, S.E., and Klump, K.L. (2015). Research Review: What 




sociocultural, psychological, and biological research. Journal of child 
psychology and psychiatry, and allied disciplines 56(11), 1141-1164. 
doi: 10.1111/jcpp.12441. 
 
Cummings, J.A., Jagannathan, L., Jackson, L.R., and Becker, J.B. (2014). Sex 
differences in the effects of estradiol in the nucleus accumbens and 
striatum on the response to cocaine: neurochemistry and behavior. 
Drug and alcohol dependence 135, 22-28. doi: 
10.1016/j.drugalcdep.2013.09.009. 
 
Curtis, C., and Davis, C. (2014). A qualitative study of binge eating and 
obesity from an addiction perspective. Eating disorders: the journal of 
treatment and prevention 22(1), 19-32. doi: 
10.1080/10640266.2014.857515. 
 
Dalley, J.W., Everitt, B.J., and Robbins, T.W. (2011). Impulsivity, 
compulsivity, and top-down cognitive control. Neuron 69(4), 680-694. 
doi: 10.1016/j.neuron.2011.01.020. 
 
Dalley, J.W., Mar, A.C., Economidou, D., and Robbins, T.W. (2008). 
Neurobehavioral mechanisms of impulsivity: fronto-striatal systems 
and functional neurochemistry. Pharmacology, biochemistry, and 
behavior 90(2), 250-260. 
 
Dallman, M.F., Pecoraro, N., Akana, S.F., La Fleur, S.E., Gomez, F., 
Houshyar, H., Bell, M.E., Bhatnagar, S., Laugero, K.D., and Manalo, S. 
(2003). Chronic stress and obesity: a new view of "comfort food". 
Proceedings of the National Academy of Sciences of the United States of 
America 100(20), 11696-11701. doi: 10.1073/pnas.1934666100. 
 
Davis, C. (2013). A narrative review of binge eating and addictive behaviors: 
shared associations with seasonality and personality factors. Frontiers 
in psychiatry 4, 183. doi: 10.3389/fpsyt.2013.00183. 
 
Davis, C., and Carter, J.C. (2009). Compulsive overeating as an addiction 
disorder. A review of theory and evidence. Appetite 53(1), 1-8. doi: 
10.1016/j.appet.2009.05.018. 
 
Davis, C., Curtis, C., Levitan, R.D., Carter, J.C., Kaplan, A.S., and Kennedy, 
J.L. (2011). Evidence that 'food addiction' is a valid phenotype of 





Davis, J.F., Tracy, A.L., Schurdak, J.D., Tschop, M.H., Lipton, J.W., Clegg, 
D.J., and Benoit, S.C. (2008). Exposure to elevated levels of dietary fat 
attenuates psychostimulant reward and mesolimbic dopamine 
turnover in the rat. Behavioral neuroscience 122(6), 1257-1263. doi: 
10.1037/a0013111. 
 
Dawe, S., and Loxton, N.J. (2004). The role of impulsivity in the development 
of substance use and eating disorders. Neuroscience & biobehavioral 
reviews 28(3), 343-351. doi: 10.1016/j.neubiorev.2004.03.007. 
 
Day, J.J., Roitman, M.F., Wightman, R.M., and Carelli, R.M. (2007). 
Associative learning mediates dynamic shifts in dopamine signaling in 
the nucleus accumbens. Nature neuroscience 10(8), 1020-1028. doi: 
10.1038/nn1923. 
 
de Jong, J.W., Meijboom, K.E., Vanderschuren, L.J., and Adan, R.A. (2013). 
Low control over palatable food intake in rats is associated with 
habitual behavior and relapse vulnerability: individual differences. 
PloS one 8(9), e74645. doi: 10.1371/journal.pone.0074645. 
 
de Zwaan, M. (2001). Binge eating disorder and obesity. International journal 
of obesity and related metabolic disorders : journal of the International 
Association for the Study of Obesity 25 Suppl 1, S51-55. doi: 
10.1038/sj.ijo.0801699. 
 
Deroche-Gamonet, V., Belin, D., and Piazza, P.V. (2004). Evidence for 
addiction-like behavior in the rat. Science 305(5686), 1014-1017. doi: 
10.1126/science.1099020. 
 
Di Segni, M., Patrono, E., Patella, L., Puglisi-Allegra, S., and Ventura, R. 
(2014). Animal models of compulsive eating behavior. Nutrients 6(10), 
4591-4609. doi: 10.3390/nu6104591. 
 
Dickerson, J.F., DeBar, L., Perrin, N.A., Lynch, F., Wilson, G.T., Rosselli, F., 
Kraemer, H.C., and Striegel-Moore, R.H. (2011). Health-service use in 
women with binge eating disorders. The international journal of eating 
disorders 44(6), 524-530. doi: 10.1002/eat.20842. 
 
Diergaarde, L., Pattij, T., Poortvliet, I., Hogenboom, F., de Vries, W., 
Schoffelmeer, A.N., and De Vries, T.J. (2008). Impulsive choice and 




seeking in rats. Biological psychiatry 63(3), 301-308. doi: 
10.1016/j.biopsych.2007.07.011. 
 
Dingemans, A.E., and van Furth, E.F. (2012). Binge Eating Disorder 
psychopathology in normal weight and obese individuals. The 
international journal of eating disorders 45(1), 135-138. doi: 
10.1002/eat.20905. 
 
Dong, L.Y., Cheng, Z.X., Fu, Y.M., Wang, Z.M., Zhu, Y.H., Sun, J.L., Dong, Y., 
and Zheng, P. (2007). Neurosteroid dehydroepiandrosterone sulfate 
enhances spontaneous glutamate release in rat prelimbic cortex 
through activation of dopamine D1 and sigma-1 receptor. 
Neuropharmacology 52(3), 966-974. doi: 
10.1016/j.neuropharm.2006.10.015. 
 
Dore, R., Iemolo, A., Smith, K.L., Wang, X., Cottone, P., and Sabino, V. 
(2013a). CRF mediates the anxiogenic and anti-rewarding, but not the 
anorectic effects of PACAP. Neuropsychopharmacology 38(11), 2160-
2169. doi: 10.1038/npp.2013.113. 
 
Dore, R., Valenza, M., Wang, X., Rice, K.C., Sabino, V., and Cottone, P. 
(2013b). The inverse agonist of CB receptor SR141716 blocks 
compulsive eating of palatable food. Addiction biology. doi: 
10.1111/adb.12056. 
 
Dore, R., Valenza, M., Wang, X., Rice, K.C., Sabino, V., and Cottone, P. 
(2014). The inverse agonist of CB1 receptor SR141716 blocks 
compulsive eating of palatable food. Addiction biology 19(5), 849-861. 
doi: 10.1111/adb.12056. 
 
el-Guebaly, N., Mudry, T., Zohar, J., Tavares, H., and Potenza, M.N. (2012). 
Compulsive features in behavioural addictions: the case of pathological 
gambling. . Addiction 107(10), 1726-1734. 
 
Eldredge, K., Wilson, T., and Whaley, A. (1990). Failure, self-evaluation, and 
feeling fat in women. The international journal of eating disorders 9(1), 
37-50. 
 
Epstein, D.H., Kennedy, A.P., Furnari, M., Heilig, M., Shaham, Y., Phillips, 
K.A., and Preston, K.L. (2016). Effect of the CRF1-receptor antagonist 




Psychopharmacology 233(23-24), 3921-3932. doi: 10.1007/s00213-016-
4424-5. 
 
Epstein, L.H., Temple, J.L., Roemmich, J.N., and Bouton, M.E. (2009). 
Habituation as a determinant of human food intake. Psychological 
review 116(2), 384-407. doi: 10.1037/a0015074. 
 
Espinoza, S., Ghisi, V., Emanuele, M., Leo, D., Sukhanov, I., Sotnikova, T.D., 
Chieregatti, E., and Gainetdinov, R.R. (2015a). Postsynaptic D2 
dopamine receptor supersensitivity in the striatum of mice lacking 
TAAR1. Neuropharmacology 93, 308-313. doi: 
10.1016/j.neuropharm.2015.02.010. 
 
Espinoza, S., Lignani, G., Caffino, L., Maggi, S., Sukhanov, I., Leo, D., Mus, 
L., Emanuele, M., Ronzitti, G., Harmeier, A., Medrihan, L., Sotnikova, 
T.D., Chieregatti, E., Hoener, M.C., Benfenati, F., Tucci, V., Fumagalli, 
F., and Gainetdinov, R.R. (2015b). TAAR1 Modulates Cortical 
Glutamate NMDA Receptor Function. Neuropsychopharmacology 
40(9), 2217-2227. doi: 10.1038/npp.2015.65. 
 
Esposito, R., and Kornetsky, C. (1977). Morphine lowering of self-stimulation 
thresholds: lack of tolerance with long-term administration. Science 
195(4274), 189-191. 
 
Evenden, J.L. (1999). Varieties of impulsivity. Psychopharmacology 146(4), 
348-361. 
 
Everitt, B.J. (2014). Neural and psychological mechanisms underlying 
compulsive drug seeking habits and drug memories--indications for 
novel treatments of addiction. The European journal of neuroscience 
40(1), 2163-2182. doi: 10.1111/ejn.12644. 
 
Everitt, B.J., and Robbins, T.W. (2000). Second-order schedules of drug 
reinforcement in rats and monkeys: measurement of reinforcing 
efficacy and drug-seeking behaviour. Psychopharmacology 153(1), 17-
30. 
 
Everitt, B.J., and Robbins, T.W. (2005). Neural systems of reinforcement for 
drug addiction: from actions to habits to compulsion. Nature 





Everitt, B.J., and Robbins, T.W. (2013). From the ventral to the dorsal 
striatum: devolving views of their roles in drug addiction. Neuroscience 
& biobehavioral reviews 37(9 Pt A), 1946-1954. doi: 
10.1016/j.neubiorev.2013.02.010. 
 
Everitt, B.J., and Robbins, T.W. (2016). Drug Addiction: Updating Actions to 
Habits to Compulsions Ten Years On. Annual review of psychology 67, 
23-50. doi: 10.1146/annurev-psych-122414-033457. 
 
Ferragud, A., Howell, A.D., Moore, C.F., Ta, T.L., Hoener, M.C., Sabino, V., 
and Cottone, P. (2016). The Trace Amine-Associated Receptor 1 
Agonist RO5256390 Blocks Compulsive, Binge-like Eating in Rats. 
Neuropsychopharmacology. doi: 10.1038/npp.2016.233. 
 
Ferragud, A., Howell, A.D., Moore, C.F., Ta, T.L., Hoener, M.C., Sabino, V., 
and Cottone, P. (2017). The Trace Amine-Associated Receptor 1 
Agonist RO5256390 Blocks Compulsive, Binge-like Eating in Rats. 
Neuropsychopharmacology 42(7), 1458-1470. doi: 
10.1038/npp.2016.233. 
 
Finkelstein, E.A., Trogdon, J.G., Cohen, J.W., and Dietz, W. (2009). Annual 
medical spending attributable to obesity: payer-and service-specific 
estimates. Health affairs 28(5), w822-831. doi: 
10.1377/hlthaff.28.5.w822. 
 
Fischer, S. (2007). The relationship of neuroticism and urgency to negative 
consequences of alcohol use in women with bulimic symptoms. 
Personality and individual differences 43(5). 
 
Fontaine, K.R., and Barofsky, I. (2001). Obesity and health-related quality of 
life. Obesity reviews 2(3), 173-182. 
 
Fordahl, S.C., Locke, J.L., and Jones, S.R. (2016). High fat diet augments 
amphetamine sensitization in mice: Role of feeding pattern, obesity, 
and dopamine terminal changes. Neuropharmacology 109, 170-182. 
doi: 10.1016/j.neuropharm.2016.06.006. 
 
Fouladi, F., Mitchell, J.E., Crosby, R.D., Engel, S.G., Crow, S., Hill, L., Le 
Grange, D., Powers, P., and Steffen, K.J. (2015). Prevalence of Alcohol 
and Other Substance Use in Patients with Eating Disorders. European 
eating disorders review : the journal of the Eating Disorders Association 





Fowler, L., Ivezaj, V., and Saules, K.K. (2014). Problematic intake of high-
sugar/low-fat and high glycemic index foods by bariatric patients is 
associated with development of post-surgical new onset substance use 
disorders. Eating behaviors 15(3), 505-508. doi: 
10.1016/j.eatbeh.2014.06.009. 
 
Furlong, T.M., Jayaweera, H.K., Balleine, B.W., and Corbit, L.H. (2014). 
Binge-like consumption of a palatable food accelerates habitual control 
of behavior and is dependent on activation of the dorsolateral striatum. 
The journal of neuroscience 34(14), 5012-5022. doi: 
10.1523/JNEUROSCI.3707-13.2014. 
 
Galanti, K., Gluck, M.E., and Geliebter, A. (2007). Test meal intake in obese 
binge eaters in relation to impulsivity and compulsivity. The 
international journal of eating disorders 40(8), 727-732. doi: 
10.1002/eat.20441. 
 
Garcia-Garcia, I., Narberhaus, A., Marques-Iturria, I., Garolera, M., Radoi, 
A., Segura, B., Pueyo, R., Ariza, M., and Jurado, M.A. (2013). Neural 
responses to visual food cues: insights from functional magnetic 
resonance imaging. European eating disorders review : the journal of 
the Eating Disorders Association 21(2), 89-98. doi: 10.1002/erv.2216. 
 
Gearhardt, A.N., Corbin, W.R., and Brownell, K.D. (2009). Preliminary 
validation of the Yale Food Addiction Scale. Appetite 52(2), 430-436. 
doi: 10.1016/j.appet.2008.12.003. 
 
Gearhardt, A.N., Corbin, W.R., and Brownell, K.D. (2016). Development of 
the Yale Food Addiction Scale Version 2.0. Psychology of addictive 
behaviors 
 30(1), 113-121. doi: 10.1037/adb0000136. 
 
Gearhardt, A.N., White, M.A., Masheb, R.M., Morgan, P.T., Crosby, R.D., and 
Grilo, C.M. (2012). An examination of the food addiction construct in 
obese patients with binge eating disorder. The international journal of 
eating disorders 45(5), 657-663. doi: 10.1002/eat.20957. 
 
Geiger, B.M., Haburcak, M., Avena, N.M., Moyer, M.C., Hoebel, B.G., and 
Pothos, E.N. (2009). Deficits of mesolimbic dopamine 
neurotransmission in rat dietary obesity. Neuroscience 159(4), 1193-





George, O., Koob, G.F., and Vendruscolo, L.F. (2014). Negative reinforcement 
via motivational withdrawal is the driving force behind the transition 
to addiction. Psychopharmacology 231(19), 3911-3917. doi: 
10.1007/s00213-014-3623-1. 
 
Giuliano, C., Robbins, T.W., Nathan, P.J., Bullmore, E.T., and Everitt, B.J. 
(2012). Inhibition of opioid transmission at the mu-opioid receptor 
prevents both food seeking and binge-like eating. 
Neuropsychopharmacology 37(12), 2643-2652. doi: 
10.1038/npp.2012.128. 
 
Gonzalez, V.M., and Vitousek, K.M. (2004). Feared food in dieting and non-
dieting young women: a preliminary validation of the Food Phobia 
Survey. Appetite 43(2), 155-173. doi: 10.1016/j.appet.2004.03.006. 
 
Grant, J.E., Odlaug, B.L., Mooney, M., O'Brien, R., and Kim, S.W. (2012). 
Open-label pilot study of memantine in the treatment of compulsive 
buying. Annals of clinical psychiatry 24(2), 119-126. 
 
Greeno, C.G., and Wing, R.R. (1994). Stress-induced eating. Psychological 
bulletin 115(3), 444-464. 
 
Hajnal, A., and Norgren, R. (2002). Repeated access to sucrose augments 
dopamine turnover in the nucleus accumbens. Neuroreport 13(17), 
2213-2216. doi: 10.1097/01.wnr.0000044213.09266.38. 
 
Halbout, B., Liu, A.T., and Ostlund, S.B. (2016). A Closer Look at the Effects 
of Repeated Cocaine Exposure on Adaptive Decision-Making under 
Conditions That Promote Goal-Directed Control. Frontiers in 
psychiatry 7, 44. doi: 10.3389/fpsyt.2016.00044. 
 
Halfon, N., Larson, K., and Slusser, W. (2013). Associations between obesity 
and comorbid mental health, developmental, and physical health 
conditions in a nationally representative sample of US children aged 
10 to 17. Academic pediatrics 13(1), 6-13. doi: 
10.1016/j.acap.2012.10.007. 
 
Halmi, K.A. (2013). Perplexities of treatment resistance in eating disorders. 





Halpern, C.H., Tekriwal, A., Santollo, J., Keating, J.G., Wolf, J.A., Daniels, 
D., and Bale, T.L. (2013). Amelioration of binge eating by nucleus 
accumbens shell deep brain stimulation in mice involves D2 receptor 
modulation. The journal of neuroscience 33(17), 7122-7129. doi: 
10.1523/JNEUROSCI.3237-12.2013. 
 
Hare, T.A., Hakimi, S., and Rangel, A. (2014). Activity in dlPFC and its 
effective connectivity to vmPFC are associated with temporal 
discounting. Frontiers in neuroscience 8, 50. doi: 
10.3389/fnins.2014.00050. 
 
Harkness, J.H., Shi, X., Janowsky, A., and Phillips, T.J. (2015). Trace Amine-
Associated Receptor 1 Regulation of Methamphetamine Intake and 
Related Traits. Neuropsychopharmacology 40(9), 2175-2184. doi: 
10.1038/npp.2015.61. 
 
Hayashi, T., Tsai, S.Y., Mori, T., Fujimoto, M., and Su, T.P. (2011). Targeting 
ligand-operated chaperone sigma-1 receptors in the treatment of 
neuropsychiatric disorders. Expert opinion on therapeutic targets 15(5), 
557-577. doi: 10.1517/14728222.2011.560837. 
 
Heal, D.J., Goddard, S., Brammer, R.J., Hutson, P.H., and Vickers, S.P. 
(2016). Lisdexamfetamine reduces the compulsive and perseverative 
behaviour of binge-eating rats in a novel food reward/punished 
responding conflict model. Journal of Psychopharmacology 30(7), 662-
675. doi: 10.1177/0269881116647506. 
 
Heatherton, T.F., Herman, C.P., and Polivy, J. (1991). Effects of physical 
threat and ego threat on eating behavior. Journal of personality and 
social psychology 60(1), 138-143. 
 
Hege, M.A., Stingl, K.T., Kullmann, S., Schag, K., Giel, K.E., Zipfel, S., and 
Preissl, H. (2015). Attentional impulsivity in binge eating disorder 
modulates response inhibition performance and frontal brain 
networks. International journal of obesity 39(2), 353-360. doi: 
10.1038/ijo.2014.99. 
 
Hendrikse, J.J., Cachia, R.L., Kothe, E.J., McPhie, S., Skouteris, H., and 
Hayden, M.J. (2015). Attentional biases for food cues in overweight 
and individuals with obesity: a systematic review of the literature. 





Heyne, A., Kiesselbach, C., Sahun, I., McDonald, J., Gaiffi, M., Dierssen, M., 
and Wolffgramm, J. (2009). An animal model of compulsive food-taking 
behaviour. Addiction biology 14(4), 373-383. doi: 10.1111/j.1369-
1600.2009.00175.x. 
 
Hillard, C.J., Weinlander, K.M., and Stuhr, K.L. (2012). Contributions of 
endocannabinoid signaling to psychiatric disorders in humans: genetic 
and biochemical evidence. Neuroscience 204, 207-229. doi: 
10.1016/j.neuroscience.2011.11.020. 
 
Hodos, W. (1961). Progressive ratio as a measure of reward strength. Science 
(New York, N.Y 134, 943-944. 
 
Hone-Blanchet, A., and Fecteau, S. (2014). Overlap of food addiction and 
substance use disorders definitions: analysis of animal and human 
studies. Neuropharmacology 85, 81-90. doi: 
10.1016/j.neuropharm.2014.05.019. 
 
Hopf, F.W., Chang, S.J., Sparta, D.R., Bowers, M.S., and Bonci, A. (2010). 
Motivation for alcohol becomes resistant to quinine adulteration after 
3 to 4 months of intermittent alcohol self-administration. Alcoholism, 
clinical and experimental research 34(9), 1565-1573. doi: 
10.1111/j.1530-0277.2010.01241.x. 
 
Hopf, F.W., and Lesscher, H.M. (2014). Rodent models for compulsive alcohol 
intake. Alcohol 48(3), 253-264. doi: 10.1016/j.alcohol.2014.03.001. 
 
Horstmann, A., Dietrich, A., Mathar, D., Possel, M., Villringer, A., and 
Neumann, J. (2015). Slave to habit? Obesity is associated with 
decreased behavioural sensitivity to reward devaluation. Appetite 87, 
175-183. doi: 10.1016/j.appet.2014.12.212. 
 
Hudson, J.I., Hiripi, E., Pope, H.G., Jr., and Kessler, R.C. (2007). The 
prevalence and correlates of eating disorders in the National 
Comorbidity Survey Replication. Biological Psychiatry 61(3), 348-358. 
doi: 10.1016/j.biopsych.2006.03.040. 
 
Hudson, J.I., McElroy, S.L., Ferreira-Cornwell, M.C., Radewonuk, J., and 
Gasior, M. (2017). Efficacy of Lisdexamfetamine in Adults With 
Moderate to Severe Binge-Eating Disorder: A Randomized Clinical 






Iemolo, A., Blasio, A., St Cyr, S.A., Jiang, F., Rice, K.C., Sabino, V., and 
Cottone, P. (2013). CRF-CRF1 receptor system in the central and 
basolateral nuclei of the amygdala differentially mediates excessive 
eating of palatable food. Neuropsychopharmacology 38(12), 2456-2466. 
doi: 10.1038/npp.2013.147. 
 
Iemolo, A., Ferragud, A., Cottone, P., and Sabino, V. (2015). Pituitary 
Adenylate Cyclase-Activating Peptide in the Central Amygdala Causes 
Anorexia and Body Weight Loss via the Melanocortin and the TrkB 
Systems. Neuropsychopharmacology : official publication of the 
American College of Neuropsychopharmacology. doi: 
10.1038/npp.2015.34. 
 
Iemolo, A., Valenza, M., Tozier, L., Knapp, C.M., Kornetsky, C., Steardo, L., 
Sabino, V., and Cottone, P. (2012). Withdrawal from chronic, 
intermittent access to a highly palatable food induces depressive-like 
behavior in compulsive eating rats. Behavioural pharmacology 23(5-6), 
593-602. doi: 10.1097/FBP.0b013e328357697f. 
 
Ivezaj, V., Saules, K.K., and Wiedemann, A.A. (2012). "I didn't see this 
coming.": why are postbariatric patients in substance abuse treatment? 
Patients' perceptions of etiology and future recommendations. Obesity 
surgery 22(8), 1308-1314. doi: 10.1007/s11695-012-0668-2. 
 
Javaras, K.N., Pope, H.G., Lalonde, J.K., Roberts, J.L., Nillni, Y.I., Laird, 
N.M., Bulik, C.M., Crow, S.J., McElroy, S.L., Walsh, B.T., Tsuang, 
M.T., Rosenthal, N.R., and Hudson, J.I. (2008). Co-occurrence of binge 
eating disorder with psychiatric and medical disorders. The journal of 
clinical psychiatry 69(2), 266-273. 
 
Jentsch, J.D., and Taylor, J.R. (1999). Impulsivity resulting from 
frontostriatal dysfunction in drug abuse: implications for the control of 
behavior by reward-related stimuli. Psychopharmacology 146(4), 373-
390. 
 
John, U., Meyer, C., Rumpf, H.J., and Hapke, U. (2005). Relationships of 
psychiatric disorders with overweight and obesity in an adult general 





Johnson, P.M., and Kenny, P.J. (2010). Dopamine D2 receptors in addiction-
like reward dysfunction and compulsive eating in obese rats. Nature 
neuroscience 13(5), 635-641. doi: 10.1038/nn.2519. 
 
Kagan, D., and Squires, R. (1983). Dieting, compulsive eating, and feelings of 
failure among adolescents. The international journal of eating 
disorders 3(1), 15-26. 
 
Kalarchian, M.A., Marcus, M.D., Levine, M.D., Courcoulas, A.P., Pilkonis, 
P.A., Ringham, R.M., Soulakova, J.N., Weissfeld, L.A., and Rofey, D.L. 
(2007). Psychiatric disorders among bariatric surgery candidates: 
relationship to obesity and functional health status. The American 
journal of psychiatry 164(2), 328-334; quiz 374. doi: 
10.1176/ajp.2007.164.2.328. 
 
Kalivas, P.W., and Volkow, N.D. (2005). The neural basis of addiction: a 
pathology of motivation and choice. The American journal of psychiatry 
162(8), 1403-1413. doi: 10.1176/appi.ajp.162.8.1403. 
 
Kaplan, H.I., and Kaplan, H.S. (1957). The psychosomatic concept of obesity. 
The journal of nervous and mental disease 125(2), 181-201. 
 
Kekic, M., McClelland, J., Campbell, I., Nestler, S., Rubia, K., David, A.S., 
and Schmidt, U. (2014). The effects of prefrontal cortex transcranial 
direct current stimulation (tDCS) on food craving and temporal 
discounting in women with frequent food cravings. Appetite 78, 55-62. 
doi: 10.1016/j.appet.2014.03.010. 
 
Kessler, R.C., Berglund, P.A., Chiu, W.T., Deitz, A.C., Hudson, J.I., Shahly, 
V., Aguilar-Gaxiola, S., Alonso, J., Angermeyer, M.C., Benjet, C., 
Bruffaerts, R., de Girolamo, G., de Graaf, R., Maria Haro, J., Kovess-
Masfety, V., O'Neill, S., Posada-Villa, J., Sasu, C., Scott, K., Viana, 
M.C., and Xavier, M. (2013). The prevalence and correlates of binge 
eating disorder in the World Health Organization World Mental 
Health Surveys. Biological psychiatry 73(9), 904-914. doi: 
10.1016/j.biopsych.2012.11.020. 
 
Kessler, R.M., Hutson, P.H., Herman, B.K., and Potenza, M.N. (2016). The 
neurobiological basis of binge-eating disorder. Neuroscience & 






Keys, A., Brozek, J., Henschel, A., Mickelson, O., and Taylor, H. (1950). The 
biology of human starvation (2 vols.). Minneapolis, MN: University of 
Minnesota Press. 
 
King, W.C., Chen, J.Y., Mitchell, J.E., Kalarchian, M.A., Steffen, K.J., Engel, 
S.G., Courcoulas, A.P., Pories, W.J., and Yanovski, S.Z. (2012). 
Prevalence of alcohol use disorders before and after bariatric surgery. 
JAMA: The Journal of the American Medical Association 307(23), 
2516-2525. doi: 10.1001/jama.2012.6147. 
 
Klatzkin, R.R., Gaffney, S., Cyrus, K., Bigus, E., and Brownley, K.A. (2015). 
Binge eating disorder and obesity: Preliminary evidence for distinct 
cardiovascular and psychological phenotypes. Physiology & behavior 
142, 20-27. doi: 10.1016/j.physbeh.2015.01.018. 
 
Klein, T.A., Neumann, J., Reuter, M., Hennig, J., von Cramon, D.Y., and 
Ullsperger, M. (2007). Genetically determined differences in learning 
from errors. Science 318(5856), 1642-1645. doi: 
10.1126/science.1145044. 
 
Klump, K.L., Racine, S., Hildebrandt, B., and Sisk, C.L. (2013). Sex 
differences in binge eating patterns in male and female adult rats. The 
International journal of eating disorders 46(7), 729-736. doi: 
10.1002/eat.22139. 
 
Koob, G.F. (1996). Drug addiction: the yin and yang of hedonic homeostasis. 
Neuron 16(5), 893-896. 
 
Koob, G.F. (1999). The role of the striatopallidal and extended amygdala 
systems in drug addiction. Annals of the New York Academy of Sciences 
877, 445-460. 
 
Koob, G.F. (2009). Neurobiological substrates for the dark side of 
compulsivity in addiction. Neuropharmacology 56 Suppl 1, 18-31. doi: 
10.1016/j.neuropharm.2008.07.043. 
 
Koob, G.F. (2013a). Addiction is a Reward Deficit and Stress Surfeit Disorder. 
Frontiers in psychiatry 4, 72. doi: 10.3389/fpsyt.2013.00072. 
 
Koob, G.F. (2013b). Addiction is a Reward Deficit and Stress Surfeit Disorder. 





Koob, G.F. (2015). The dark side of emotion: the addiction perspective. 
European journal of pharmacology 753, 73-87. doi: 
10.1016/j.ejphar.2014.11.044. 
 
Koob, G.F., and Bloom, F.E. (1988). Cellular and molecular mechanisms of 
drug dependence. Science 242(4879), 715-723. 
 
Koob, G.F., Buck, C.L., Cohen, A., Edwards, S., Park, P.E., Schlosburg, J.E., 
Schmeichel, B., Vendruscolo, L.F., Wade, C.L., Whitfield, T.W., Jr., and 
George, O. (2014). Addiction as a stress surfeit disorder. 
Neuropharmacology 76 Pt B, 370-382. doi: 
10.1016/j.neuropharm.2013.05.024. 
 
Koob, G.F., Caine, S.B., Parsons, L., Markou, A., and Weiss, F. (1997). 
Opponent process model and psychostimulant addiction. 
Pharmacology, biochemistry, and behavior 57(3), 513-521. 
 
Koob, G.F., and Le Moal, M. (2001). Drug addiction, dysregulation of reward, 
and allostasis. Neuropsychopharmacology 24(2), 97-129. doi: 
10.1016/S0893-133X(00)00195-0. 
 
Koob, G.F., and Le Moal, M. (2008). Addiction and the brain antireward 
system. Annual review of psychology 59, 29-53. doi: 
10.1146/annurev.psych.59.103006.093548. 
 
Koob, G.F., and Volkow, N.D. (2010). Neurocircuitry of addiction. 
Neuropsychopharmacology 35(1), 217-238. doi: 10.1038/npp.2009.110. 
 
Koob, G.F., and Volkow, N.D. (2016). Neurobiology of Addiction: A 
neurocircuitry analysis. Lancet psychiatry 3(8), 760-773. 
 
Koob, G.F., and Zorrilla, E.P. (2010). Neurobiological mechanisms of 
addiction: focus on corticotropin-releasing factor. Current opinion in 
investigational drugs 11(1), 63-71. 
 
Krueger, C., and Tian, L. (2004). A comparison of the general linear mixed 
model and repeated measures ANOVA using a dataset with multiple 
missing data points. Biological research for nursing 6(2), 151-157. doi: 
10.1177/1099800404267682. 
 
Kwako, L.E., Momenan, R., Litten, R.Z., Koob, G.F., and Goldman, D. (2016). 




Framework for Addictive Disorders. Biological psychiatry 80(3), 179-
189. doi: 10.1016/j.biopsych.2015.10.024. 
 
Lafleur, B., Lee, W., Billhiemer, D., Lockhart, C., Liu, J., and Merchant, N. 
(2011). Statistical methods for assays with limits of detection: Serum 
bile acid as a differentiator between patients with normal colons, 
adenomas, and colorectal cancer. Journal of carcinogenesis 10, 12. doi: 
10.4103/1477-3163.79681. 
 
Latagliata, E.C., Patrono, E., Puglisi-Allegra, S., and Ventura, R. (2010). 
Food seeking in spite of harmful consequences is under prefrontal 
cortical noradrenergic control. BMC Neuroscience 11, 15. doi: 
10.1186/1471-2202-11-15. 
 
Lawrence, N.S., Hinton, E.C., Parkinson, J.A., and Lawrence, A.D. (2012). 
Nucleus accumbens response to food cues predicts subsequent snack 
consumption in women and increased body mass index in those with 
reduced self-control. NeuroImage 63(1), 415-422. doi: 
10.1016/j.neuroimage.2012.06.070. 
 
Lax, N.C., George, D.C., Ignatz, C., and Kolber, B.J. (2014). The mGluR5 
antagonist fenobam induces analgesic conditioned place preference in 
mice with spared nerve injury. PloS one 9(7), e103524. doi: 
10.1371/journal.pone.0103524. 
 
Lee-Winn, A.E., Reinblatt, S.P., Mojtabai, R., and Mendelson, T. (2016). 
Gender and racial/ethnic differences in binge eating symptoms in a 
nationally representative sample of adolescents in the United States. 
Eating behaviors 22, 27-33. doi: 10.1016/j.eatbeh.2016.03.021. 
 
Linde, J.A., Jeffery, R.W., Levy, R.L., Sherwood, N.E., Utter, J., Pronk, N.P., 
and Boyle, R.G. (2004). Binge eating disorder, weight control self-
efficacy, and depression in overweight men and women. International 
journal of obesity and related metabolic disorders 28(3), 418-425. doi: 
10.1038/sj.ijo.0802570. 
 
Lingawi, N.W., and Balleine, B.W. (2012). Amygdala central nucleus 
interacts with dorsolateral striatum to regulate the acquisition of 






Lips, M.A., Wijngaarden, M.A., van der Grond, J., van Buchem, M.A., de 
Groot, G.H., Rombouts, S.A., Pijl, H., and Veer, I.M. (2014). Resting-
state functional connectivity of brain regions involved in cognitive 
control, motivation, and reward is enhanced in obese females. The 
American journal of clinical nutrition 100(2), 524-531. doi: 
10.3945/ajcn.113.080671. 
 
Liu, J.F., Thorn, D.A., Zhang, Y., and Li, J.X. (2016). Effects of Trace Amine-
associated Receptor 1 Agonists on the Expression, Reconsolidation, and 
Extinction of Cocaine Reward Memory. The International Journal of 
Neuropsychopharmacology. doi: 10.1093/ijnp/pyw009. 
 
Lopez-Pantoja, J.L., Cabranes, J.A., Sanchez-Quintero, S., Velao, M., Sanz, 
M., Torres-Pardo, B., Ancin, I., Cabrerizo, L., Rubio, M.A., Lopez-Ibor, 
J.J., and Barabash, A. (2012). Personality profiles between obese and 
control subjects assessed with five standardized personality scales. 
Actas espoñalas de psiquiatría 40(5), 266-274. 
 
Lubman, D.I., Yucel, M., and Pantelis, C. (2004). Addiction, a condition of 
compulsive behaviour? Neuroimaging and neuropsychological evidence 
of inhibitory dysregulation. Addiction 99(12), 1491-1502. doi: 
10.1111/j.1360-0443.2004.00808.x. 
 
Lucantonio, F., Caprioli, D., and Schoenbaum, G. (2014). Transition from 
'model-based' to 'model-free' behavioral control in addiction: 
Involvement of the orbitofrontal cortex and dorsolateral striatum. 
Neuropharmacology 76 Pt B, 407-415. doi: 
10.1016/j.neuropharm.2013.05.033. 
 
Lynch, W.J. (2006). Sex differences in vulnerability to drug self-
administration. Experimental and clinical psychopharmacology 14(1), 
34-41. doi: 10.1037/1064-1297.14.1.34. 
 
Lyons, M.A. (1998). The phenomenon of compulsive overeating in a selected 
group of professional women. Journal of advanced nursing 27(6), 1158-
1164. 
 
Macht, M. (2008). How emotions affect eating: a five-way model. Appetite 





Maclaren, V.V., Fugelsang, J.A., Harrigan, K.A., and Dixon, M.J. (2011). The 
personality of pathological gamblers: a meta-analysis. Clinical 
psychology review 31(6), 1057-1067. doi: 10.1016/j.cpr.2011.02.002. 
 
Manasse, S.M., Espel, H.M., Schumacher, L.M., Kerrigan, S.G., Zhang, F., 
Forman, E.M., and Juarascio, A.S. (2016). Does impulsivity predict 
outcome in treatment for binge eating disorder? A multimodal 
investigation. Appetite 105, 172-179. doi: 10.1016/j.appet.2016.05.026. 
 
Mancino, S., Burokas, A., Gutierrez-Cuesta, J., Gutierrez-Martos, M., Martin-
Garcia, E., Pucci, M., Falconi, A., D'Addario, C., Maccarrone, M., and 
Maldonado, R. (2015). Epigenetic and Proteomic Expression Changes 
Promoted by Eating Addictive-Like Behavior. 
Neuropsychopharmacology 40(12), 2788-2800. doi: 
10.1038/npp.2015.129. 
 
Mann, T., Tomiyama, A.J., Westling, E., Lew, A.M., Samuels, B., and 
Chatman, J. (2007). Medicare's search for effective obesity treatments: 
diets are not the answer. The American psychologist 62(3), 220-233. 
doi: 10.1037/0003-066X.62.3.220. 
 
Markou, A., and Koob, G.F. (1992). Construct validity of a self-stimulation 
threshold paradigm: effects of reward and performance manipulations. 
Physiology & behavior 51(1), 111-119. 
 
McGuire, M.T., Wing, R.R., Klem, M.L., Lang, W., and Hill, J.O. (1999). What 
predicts weight regain in a group of successful weight losers? Journal 
of consulting and clinical psychology 67(2), 177-185. 
 
McKittrick, C.R., and Abercrombie, E.D. (2007). Catecholamine mapping 
within nucleus accumbens: differences in basal and amphetamine-
stimulated efflux of norepinephrine and dopamine in shell and core. 
Journal of neurochemistry 100(5), 1247-1256. doi: 10.1111/j.1471-
4159.2006.04300.x. 
 
McNamara, R., Dalley, J.W., Robbins, T.W., Everitt, B.J., and Belin, D. 
(2010). Trait-like impulsivity does not predict escalation of heroin self-






Melis, M., Spiga, S., and Diana, M. (2005). The dopamine hypothesis of drug 
addiction: hypodopaminergic state. International review of 
neurobiology 63, 101-154. doi: 10.1016/S0074-7742(05)63005-X. 
 
Mena, J.D., Sadeghian, K., and Baldo, B.A. (2011). Induction of hyperphagia 
and carbohydrate intake by mu-opioid receptor stimulation in 
circumscribed regions of frontal cortex. The journal of neuroscience 
31(9), 3249-3260. doi: 10.1523/JNEUROSCI.2050-10.2011. 
 
Mena, J.D., Selleck, R.A., and Baldo, B.A. (2013). Mu-opioid stimulation in 
rat prefrontal cortex engages hypothalamic orexin/hypocretin-
containing neurons, and reveals dissociable roles of nucleus accumbens 
and hypothalamus in cortically driven feeding. The journal of 
neuroscience 33(47), 18540-18552. doi: 10.1523/JNEUROSCI.3323-
12.2013. 
 
Meule, A., Lutz, A., Vogele, C., and Kubler, A. (2012). Women with elevated 
food addiction symptoms show accelerated reactions, but no impaired 
inhibitory control, in response to pictures of high-calorie food-cues. 
Eating behaviors 13(4), 423-428. doi: 10.1016/j.eatbeh.2012.08.001. 
 
Micioni Di Bonaventura, M.V., Ciccocioppo, R., Romano, A., Bossert, J.M., 
Rice, K.C., Ubaldi, M., St Laurent, R., Gaetani, S., Massi, M., Shaham, 
Y., and Cifani, C. (2014). Role of bed nucleus of the stria terminalis 
corticotrophin-releasing factor receptors in frustration stress-induced 
binge-like palatable food consumption in female rats with a history of 
food restriction. The journal of neuroscience 34(34), 11316-11324. doi: 
10.1523/JNEUROSCI.1854-14.2014. 
 
Miczek, K.A., Nikulina, E.M., Shimamoto, A., and Covington, H.E., 3rd 
(2011). Escalated or suppressed cocaine reward, tegmental BDNF, and 
accumbal dopamine caused by episodic versus continuous social stress 
in rats. The journal of neuroscience 31(27), 9848-9857. doi: 
10.1523/JNEUROSCI.0637-11.2011. 
 
Mitchell, M.R., Weiss, V.G., Ouimet, D.J., Fuchs, R.A., Morgan, D., and 
Setlow, B. (2014). Intake-dependent effects of cocaine self-
administration on impulsive choice in a delay discounting task. 





Mizushima, H., Ono, Y., and Asai, M. (1998). TCI temperamental scores in 
bulimia nervosa patients and normal women with and without diet 
experiences. Acta psychiatrica Scandinavica 98(3), 228-230. 
 
Moore, C.F., Blasio, A., Sabino, V., and Cottone, P. (2018a). Impulsive choice 
does not predict binge-like eating in rats. Behavioural pharmacology 
29(8), 726-731. doi: 10.1097/FBP.0000000000000446. 
 
Moore, C.F., Panciera, J.I., Sabino, V., and Cottone, P. (2018b). 
Neuropharmacology of compulsive eating. Philosophical transactions of 
the Royal Society of London. Series B, Biological sciences 373(1742). 
doi: 10.1098/rstb.2017.0024. 
 
Moore, C.F., Sabino, V., and Cottone, P. (2018c). Trace Amine Associated 
Receptor 1 (TAAR1) Modulation of Food Reward. Frontiers in 
pharmacology 9, 129. doi: 10.3389/fphar.2018.00129. 
 
Moore, C.F., Sabino, V., Koob, G.F., and Cottone, P. (2017a). Neuroscience of 
compulsive eating behavior. Frontiers in Neuroscience In press. doi: 
10.3389/fnins.2017.00469  
 
Moore, C.F., Sabino, V., Koob, G.F., and Cottone, P. (2017b). Neuroscience of 
Compulsive Eating Behavior. 11(469). doi: 10.3389/fnins.2017.00469. 
 
Moore, C.F., Sabino, V., Koob, G.F., and Cottone, P. (2017c). Pathological 
Overeating: Emerging Evidence for a Compulsivity Construct. 
Neuropsychopharmacology 42(7), 1375-1389. doi: 
10.1038/npp.2016.269. 
 
Murdaugh, D.L., Cox, J.E., Cook, E.W., 3rd, and Weller, R.E. (2012). fMRI 
reactivity to high-calorie food pictures predicts short- and long-term 
outcome in a weight-loss program. NeuroImage 59(3), 2709-2721. 
 
Nair, S.G., Adams-Deutsch, T., Epstein, D.H., and Shaham, Y. (2009). The 
neuropharmacology of relapse to food seeking: methodology, main 
findings, and comparison with relapse to drug seeking. Progress in 
neurobiology 89(1), 18-45. doi: 10.1016/j.pneurobio.2009.05.003. 
 
Neill, D.B. (1976). Frontal-striatal control of behavioral inhibition in the rat. 





Nestler, E.J. (2008). Review. Transcriptional mechanisms of addiction: role of 
DeltaFosB. Philosophical transactions of the Royal Society of London. 
Series B, Biological sciences 363(1507), 3245-3255. doi: 
10.1098/rstb.2008.0067. 
 
Nestler, E.J. (2012). Transcriptional mechanisms of drug addiction. Clinical 
psychopharmacology and neuroscience 10(3), 136-143. doi: 
10.9758/cpn.2012.10.3.136. 
 
Niego, S.H., Kofman, M.D., Weiss, J.J., and Geliebter, A. (2007). Binge eating 
in the bariatric surgery population: a review of the literature. The 
International journal of eating disorders 40(4), 349-359. doi: 
10.1002/eat.20376. 
 
Nieh, E.H., Matthews, G.A., Allsop, S.A., Presbrey, K.N., Leppla, C.A., 
Wichmann, R., Neve, R., Wildes, C.P., and Tye, K.M. (2015). Decoding 
neural circuits that control compulsive sucrose seeking. Cell 160(3), 
528-541. doi: 10.1016/j.cell.2015.01.003. 
 
O'Brien, C.P. (2011). "Chapter 24: Drug Addiction," in Goodman & Gilman's 
The Pharmacological Basis of Therapeutics, eds. B. L.L., C. B.A. & K. 
B.C. 12 ed (New York, NY: McGraw-Hill). 
 
O’Connor, R.M., and Kenny, P.J. (2016). Role of striatal dopamine signaling 
in compulsive eating associated with obesity. 9, 152-157. 
 
Ogden, C.L., Carroll, M.D., and Flegal, K.M. (2014). Prevalence of obesity in 
the United States. Journal of the American Medical Association 312(2), 
189-190. doi: 10.1001/jama.2014.6228. 
 
Olausson, P., Jentsch, J.D., Tronson, N., Neve, R.L., Nestler, E.J., and 
Taylor, J.R. (2006). DeltaFosB in the nucleus accumbens regulates 
food-reinforced instrumental behavior and motivation. The journal of 
neuroscience 26(36), 9196-9204. doi: 10.1523/JNEUROSCI.1124-
06.2006. 
 
Ostlund, S.B., and Balleine, B.W. (2008). On habits and addiction: An 
associative analysis of compulsive drug seeking. Drug discovery today: 
Disease models 5(4), 235-245. doi: 10.1016/j.ddmod.2009.07.004. 
 
Oswald, K.D., Murdaugh, D.L., King, V.L., and Boggiano, M.M. (2011). 




of binge eating. The international journal of eating disorders 44(3), 
203-211. doi: 10.1002/eat.20808. 
 
Parylak, S.L., Koob, G.F., and Zorrilla, E.P. (2011). The dark side of food 
addiction. Physiology & behavior 104(1), 149-156. doi: 
10.1016/j.physbeh.2011.04.063. 
 
Pattij, T., and Vanderschuren, L.J. (2008). The neuropharmacology of 
impulsive behaviour. Trends in pharmacological sciences 29(4), 192-
199. doi: 10.1016/j.tips.2008.01.002. 
 
Pauli-Pott, U., Albayrak, O., Hebebrand, J., and Pott, W. (2010). Association 
between inhibitory control capacity and body weight in overweight and 
obese children and adolescents: dependence on age and inhibitory 
control component. Child neuropsychology 16(6), 592-603. doi: 
10.1080/09297049.2010.485980. 
 
Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic 
Coordinates. London: Academic Press. 
 
Pecina, S., and Berridge, K.C. (2005). Hedonic hot spot in nucleus accumbens 
shell: where do mu-opioids cause increased hedonic impact of 
sweetness? The journal of neuroscience 25(50), 11777-11786. doi: 
10.1523/JNEUROSCI.2329-05.2005. 
 
Pecoraro, N., Reyes, F., Gomez, F., Bhargava, A., and Dallman, M.F. (2004). 
Chronic stress promotes palatable feeding, which reduces signs of 
stress: feedforward and feedback effects of chronic stress. 
Endocrinology 145(8), 3754-3762. doi: 10.1210/en.2004-0305. 
 
Pei, Y., Asif-Malik, A., Hoener, M., and Canales, J.J. (2017). A partial trace 
amine-associated receptor 1 agonist exhibits properties consistent with 
a methamphetamine substitution treatment. Addiction biology 22(5), 
1246-1256. doi: 10.1111/adb.12410. 
 
Pei, Y., Mortas, P., Hoener, M.C., and Canales, J.J. (2015). Selective 
activation of the trace amine-associated receptor 1 decreases cocaine's 
reinforcing efficacy and prevents cocaine-induced changes in brain 
reward thresholds. Progress in neuropsychopharmacology and 





Perry, J.L., Larson, E.B., German, J.P., Madden, G.J., and Carroll, M.E. 
(2005). Impulsivity (delay discounting) as a predictor of acquisition of 
IV cocaine self-administration in female rats. Psychopharmacology 
178(2-3), 193-201. doi: 10.1007/s00213-004-1994-4. 
 
Perry, J.L., Nelson, S.E., and Carroll, M.E. (2008). Impulsive choice as a 
predictor of acquisition of IV cocaine self- administration and 
reinstatement of cocaine-seeking behavior in male and female rats. 
Experimental and clinical psychopharmacology 16(2), 165-177. doi: 
10.1037/1064-1297.16.2.165. 
 
Peterson, C.B., Miller, K.B., Crow, S.J., Thuras, P., and Mitchell, J.E. (2005). 
Subtypes of binge eating disorder based on psychiatric history. The 
international journal of eating disorders 38(3), 273-276. doi: 
10.1002/eat.20174. 
 
Petry, N.M., Barry, D., Pietrzak, R.H., and Wagner, J.A. (2008). Overweight 
and obesity are associated with psychiatric disorders: results from the 
National Epidemiologic Survey on Alcohol and Related Conditions. 
Psychosomatic medicine 70(3), 288-297. doi: 
10.1097/PSY.0b013e3181651651. 
 
Piazza, P.V., and Deroche-Gamonet, V. (2013). A multistep general theory of 
transition to addiction. Psychopharmacology 229(3), 387-413. doi: 
10.1007/s00213-013-3224-4. 
 
Pitchers, K.K., Vialou, V., Nestler, E.J., Laviolette, S.R., Lehman, M.N., and 
Coolen, L.M. (2013). Natural and drug rewards act on common neural 
plasticity mechanisms with DeltaFosB as a key mediator. The journal 
of neuroscience 33(8), 3434-3442. doi: 10.1523/JNEUROSCI.4881-
12.2013. 
 
Pursey, K.M., Stanwell, P., Gearhardt, A.N., Collins, C.E., and Burrows, T.L. 
(2014). The prevalence of food addiction as assessed by the Yale Food 
Addiction Scale: a systematic review. Nutrients 6(10), 4552-4590. doi: 
10.3390/nu6104552. 
 
Rada, P., Avena, N.M., and Hoebel, B.G. (2005). Daily bingeing on sugar 
repeatedly releases dopamine in the accumbens shell. Neuroscience 





Rada, P., Bocarsly, M.E., Barson, J.R., Hoebel, B.G., and Leibowitz, S.F. 
(2010). Reduced accumbens dopamine in Sprague-Dawley rats prone to 
overeating a fat-rich diet. Physiology & behavior 101(3), 394-400. doi: 
10.1016/j.physbeh.2010.07.005. 
 
Reslan, S., Saules, K.K., Greenwald, M.K., and Schuh, L.M. (2014). 
Substance misuse following Roux-en-Y gastric bypass surgery. 
Substance use & misuse 49(4), 405-417. doi: 
10.3109/10826084.2013.841249. 
 
Revel, F.G., Moreau, J.L., Gainetdinov, R.R., Bradaia, A., Sotnikova, T.D., 
Mory, R., Durkin, S., Zbinden, K.G., Norcross, R., Meyer, C.A., Metzler, 
V., Chaboz, S., Ozmen, L., Trube, G., Pouzet, B., Bettler, B., Caron, 
M.G., Wettstein, J.G., and Hoener, M.C. (2011). TAAR1 activation 
modulates monoaminergic neurotransmission, preventing 
hyperdopaminergic and hypoglutamatergic activity. Proceedings of the 
National Academy of Sciences of the United States of America 108(20), 
8485-8490. doi: 10.1073/pnas.1103029108. 
 
Revel, F.G., Moreau, J.L., Gainetdinov, R.R., Ferragud, A., Velazquez-
Sanchez, C., Sotnikova, T.D., Morairty, S.R., Harmeier, A., Groebke 
Zbinden, K., Norcross, R.D., Bradaia, A., Kilduff, T.S., Biemans, B., 
Pouzet, B., Caron, M.G., Canales, J.J., Wallace, T.L., Wettstein, J.G., 
and Hoener, M.C. (2012). Trace amine-associated receptor 1 partial 
agonism reveals novel paradigm for neuropsychiatric therapeutics. 
Biological psychiatry 72(11), 934-942. doi: 
10.1016/j.biopsych.2012.05.014. 
 
Revel, F.G., Moreau, J.L., Pouzet, B., Mory, R., Bradaia, A., Buchy, D., 
Metzler, V., Chaboz, S., Groebke Zbinden, K., Galley, G., Norcross, 
R.D., Tuerck, D., Bruns, A., Morairty, S.R., Kilduff, T.S., Wallace, T.L., 
Risterucci, C., Wettstein, J.G., and Hoener, M.C. (2013). A new 
perspective for schizophrenia: TAAR1 agonists reveal antipsychotic- 
and antidepressant-like activity, improve cognition and control body 
weight. Molecular psychiatry 18(5), 543-556. doi: 10.1038/mp.2012.57. 
 
Robbins, T.W., Curran, H.V., and de Wit, H. (2012). Special issue on 
impulsivity and compulsivity Psychopharmacology 219(2), 251-252. 
 
Robinson, M.J., Burghardt, P.R., Patterson, C.M., Nobile, C.W., Akil, H., 
Watson, S.J., Berridge, K.C., and Ferrario, C.R. (2015). Individual 




Susceptible to Diet-Induced Obesity. Neuropsychopharmacology 40(9), 
2113-2123. doi: 10.1038/npp.2015.71. 
 
Robinson, T.E., and Berridge, K.C. (1993). The neural basis of drug craving: 
an incentive-sensitization theory of addiction. Brain research reviews 
18(3), 247-291. 
 
Robson, M.J., Noorbakhsh, B., Seminerio, M.J., and Matsumoto, R.R. (2012). 
Sigma-1 receptors: potential targets for the treatment of substance 
abuse. Current pharmaceutical design 18(7), 902-919. 
 
Rosen, J., Tacy, B., and Howell, D. (1990). Life stress, psychological 
symptoms and weight reducing behavior in adolescent girls: A 
prospective analysis. The international journal of eating disorders 9(1), 
17-26. 
 
Rosen, J.C., Gross, J., and Vara, L. (1987). Psychological adjustment of 
adolescents attempting to lose or gain weight. Journal of consulting 
and clinical psychology 55(5), 742-747. 
 
Rosenbaum, D.L., and White, K.S. (2015). The relation of anxiety, depression, 
and stress to binge eating behavior. Journal of health psychology 20(6), 
887-898. doi: 10.1177/1359105315580212. 
 
Rossetti, C., Spena, G., Halfon, O., and Boutrel, B. (2014). Evidence for a 
compulsive-like behavior in rats exposed to alternate access to highly 
preferred palatable food. Addiction biology 19(6), 975-985. doi: 
10.1111/adb.12065. 
 
Rowley, H.L., Kulkarni, R., Gosden, J., Brammer, R., Hackett, D., and Heal, 
D.J. (2012). Lisdexamfetamine and immediate release d-amfetamine - 
differences in pharmacokinetic/pharmacodynamic relationships 
revealed by striatal microdialysis in freely-moving rats with 
simultaneous determination of plasma drug concentrations and 
locomotor activity. Neuropharmacology 63(6), 1064-1074. doi: 
10.1016/j.neuropharm.2012.07.008. 
 
Sabino, V., Cottone, P., Blasio, A., Iyer, M.R., Steardo, L., Rice, K.C., Conti, 
B., Koob, G.F., and Zorrilla, E.P. (2011). Activation of sigma-receptors 
induces binge-like drinking in Sardinian alcohol-preferring rats. 





Sabino, V., Cottone, P., Zhao, Y., Iyer, M.R., Steardo, L., Jr., Steardo, L., Rice, 
K.C., Conti, B., Koob, G.F., and Zorrilla, E.P. (2009a). The sigma-
receptor antagonist BD-1063 decreases ethanol intake and 
reinforcement in animal models of excessive drinking. 
Neuropsychopharmacology 34(6), 1482-1493. doi: 
10.1038/npp.2008.192. 
 
Sabino, V., Cottone, P., Zhao, Y., Steardo, L., Koob, G.F., and Zorrilla, E.P. 
(2009b). Selective reduction of alcohol drinking in Sardinian alcohol-
preferring rats by a sigma-1 receptor antagonist. Psychopharmacology 
205(2), 327-335. doi: 10.1007/s00213-009-1548-x. 
 
Sanchez, V., Moore, C.F., Brunzell, D.H., and Lynch, W.J. (2014). Sex 
differences in the effect of wheel running on subsequent nicotine-
seeking in a rat adolescent-onset self-administration model. 231(8), 
1753-1762. doi: 10.1007/s00213-013-3359-3. 
 
Sansone, R.A., and Sansone, L.A. (2013). Obesity and substance misuse: is 
there a relationship? Innovations in clinical neuroscience 10(9-10), 30-
35. 
 
Schag, K., Leehr, E.J., Martus, P., Bethge, W., Becker, S., Zipfel, S., and Giel, 
K.E. (2015). Impulsivity-focused group intervention to reduce binge 
eating episodes in patients with binge eating disorder: study protocol of 
the randomised controlled IMPULS trial. BMJ open 5(12), e009445. 
doi: 10.1136/bmjopen-2015-009445. 
 
Schag, K., Schonleber, J., Teufel, M., Zipfel, S., and Giel, K.E. (2013). Food-
related impulsivity in obesity and binge eating disorder--a systematic 
review. Obesity reviews 14(6), 477-495. doi: 10.1111/obr.12017. 
 
Schmitz, F., Naumann, E., Trentowska, M., and Svaldi, J. (2014). Attentional 
bias for food cues in binge eating disorder. Appetite 80, 70-80. doi: 
10.1016/j.appet.2014.04.023. 
 
Schulte, E.M., Grilo, C.M., and Gearhardt, A.N. (2016). Shared and unique 
mechanisms underlying binge eating disorder and addictive disorders. 
Clinical psychology review 44, 125-139. doi: 10.1016/j.cpr.2016.02.001. 
 
Sedki, F., Gardner Gregory, J., Luminare, A., D'Cunha, T.M., and Shalev, U. 




female rats: manipulations of ovarian hormones. Psychopharmacology 
232(20), 3773-3782. doi: 10.1007/s00213-015-4037-4. 
 
Seeyave, D.M., Coleman, S., Appugliese, D., Corwyn, R.F., Bradley, R.H., 
Davidson, N.S., Kaciroti, N., and Lumeng, J.C. (2009). Ability to delay 
gratification at age 4 years and risk of overweight at age 11 years. 
Archives of pediatrics & adolescent medicine 163(4), 303-308. doi: 
10.1001/archpediatrics.2009.12. 
 
Selleck, R.A., Lake, C., Estrada, V., Riederer, J., Andrzejewski, M., 
Sadeghian, K., and Baldo, B.A. (2015). Endogenous Opioid Signaling in 
the Medial Prefrontal Cortex is Required for the Expression of Hunger-
Induced Impulsive Action. Neuropsychopharmacology. doi: 
10.1038/npp.2015.97. 
 
Shalev, U. (2012). Chronic food restriction augments the reinstatement of 
extinguished heroin-seeking behavior in rats. Addiction biology 17(4), 
691-693. doi: 10.1111/j.1369-1600.2010.00303.x. 
 
Shalev, U., Erb, S., and Shaham, Y. (2010). Role of CRF and other 
neuropeptides in stress-induced reinstatement of drug seeking. Brain 
research 1314, 15-28. doi: 10.1016/j.brainres.2009.07.028. 
 
Shank, L.M., Tanofsky-Kraff, M., Nelson, E.E., Shomaker, L.B., Ranzenhofer, 
L.M., Hannallah, L.M., Field, S.E., Vannucci, A., Bongiorno, D.M., 
Brady, S.M., Condarco, T., Demidowich, A., Kelly, N.R., Cassidy, O., 
Simmons, W.K., Engel, S.G., Pine, D.S., and Yanovski, J.A. (2015). 
Attentional bias to food cues in youth with loss of control eating. 
Appetite 87, 68-75. doi: 10.1016/j.appet.2014.11.027. 
 
Sharma, S., Fernandes, M.F., and Fulton, S. (2013a). Adaptations in brain 
reward circuitry underlie palatable food cravings and anxiety induced 
by high-fat diet withdrawal. International journal of obesity 37(9), 
1183-1191. doi: 10.1038/ijo.2012.197. 
 
Sharma, S., Fernandes, M.F., and Fulton, S. (2013b). Adaptations in brain 
reward circuitry underlie palatable food cravings and anxiety induced 
by high-fat diet withdrawal. 37(9), 1183-1191. doi: 
10.1038/ijo.2012.197. 
 
Shrout, P.E., and Fleiss, J.L. (1979a). Intraclass correlations: Uses in 





Shrout, P.E., and Fleiss, J.L. (1979b). Intraclass correlations: uses in 
assessing rater reliability. Psychological bulletin 86(2), 420-428. 
 
Sidhpura, N., and Parsons, L.H. (2011). Endocannabinoid-mediated synaptic 
plasticity and addiction-related behavior. Neuropharmacology 61(7), 
1070-1087. doi: 10.1016/j.neuropharm.2011.05.034. 
 
Silverstone, J., and Lascelles, B. (1966). Dieting and depression. The British 
journal of psychiatry 112(486), 513-519. 
 
Simon, G.E., Von Korff, M., Saunders, K., Miglioretti, D.L., Crane, P.K., van 
Belle, G., and Kessler, R.C. (2006). Association between obesity and 
psychiatric disorders in the US adult population. Archives of general 
psychiatry 63(7), 824-830. doi: 10.1001/archpsyc.63.7.824. 
 
Simon, N.W., Beas, B.S., Montgomery, K.S., Haberman, R.P., Bizon, J.L., and 
Setlow, B. (2013). Prefrontal cortical-striatal dopamine receptor mRNA 
expression predicts distinct forms of impulsivity. The European journal 
of neuroscience 37(11), 1779-1788. doi: 10.1111/ejn.12191. 
 
Simon, N.W., Mendez, I.A., and Setlow, B. (2007). Cocaine exposure causes 
long-term increases in impulsive choice. Behavioral neuroscience 
121(3), 543-549. doi: 10.1037/0735-7044.121.3.543. 
 
Smith, D.G., and Robbins, T.W. (2013). The neurobiological underpinnings of 
obesity and binge eating: a rationale for adopting the food addiction 
model. Biological psychiatry 73(9), 804-810. doi: 
10.1016/j.biopsych.2012.08.026. 
 
Smith, G.T., and Cyders, M.A. (2016). Integrating affect and impulsivity: The 
role of positive and negative urgency in substance use risk. Drug and 
alcohol dependence 163 Suppl 1, S3-S12. doi: 
10.1016/j.drugalcdep.2015.08.038. 
 
Smith, K.L., Rao, R.R., Velazquez-Sanchez, C., Valenza, M., Giuliano, C., 
Everitt, B.J., Sabino, V., and Cottone, P. (2015a). The uncompetitive N-
methyl-D-aspartate antagonist memantine reduces binge-like eating, 
food-seeking behavior, and compulsive eating: role of the nucleus 
accumbens shell. Neuropsychopharmacology : official publication of the 






Smith, K.L., Rao, R.R., Velazquez-Sanchez, C., Valenza, M., Giuliano, C., 
Everitt, B.J., Sabino, V., and Cottone, P. (2015b). The Uncompetitive 
N-methyl-D-Aspartate Antagonist Memantine Reduces Binge-Like 
Eating, Food-Seeking Behavior, and Compulsive Eating: Role of the 
Nucleus Accumbens Shell. Neuropsychopharmacology 40, 1163-1171. 
doi: 10.1038/npp.2014.299. 
 
Sokolowski, J.D., and Salamone, J.D. (1994). Effects of dopamine depletions 
in the medial prefrontal cortex on DRL performance and motor activity 
in the rat. Brain research 642(1-2), 20-28. 
 
South, T., and Huang, X.F. (2008). High-fat diet exposure increases dopamine 
D2 receptor and decreases dopamine transporter receptor binding 
density in the nucleus accumbens and caudate putamen of mice. 
Neurochemical research 33(3), 598-605. doi: 10.1007/s11064-007-9483-
x. 
 
Spierling, S.R., and Zorrilla, E.P. (2017). Don't stress about CRF: assessing 
the translational failures of CRF1antagonists. Psychopharmacology. 
doi: 10.1007/s00213-017-4556-2. 
 
Stice, E., Davis, K., Miller, N.P., and Marti, C.N. (2008a). Fasting increases 
risk for onset of binge eating and bulimic pathology: a 5-year 
prospective study. Journal of abnormal psychology 117(4), 941-946. 
doi: 10.1037/a0013644. 
 
Stice, E., Spoor, S., Bohon, C., and Small, D.M. (2008b). Relation between 
obesity and blunted striatal response to food is moderated by TaqIA A1 
allele. Science 322(5900), 449-452. doi: 10.1126/science.1161550. 
 
Stirling, L.J., and Yeomans, M.R. (2004). Effect of exposure to a forbidden 
food on eating in restrained and unrestrained women. The 
international journal of eating disorders 35(1), 59-68. doi: 
10.1002/eat.10232. 
 
Stoeckel, L.E., Weller, R.E., Cook, E.W., 3rd, Twieg, D.B., Knowlton, R.C., 
and Cox, J.E. (2008). Widespread reward-system activation in obese 
women in response to pictures of high-calorie foods. NeuroImage 41(2), 





Striegel-Moore, R.H., and Franko, D.L. (2003). Epidemiology of binge eating 
disorder. The international journal of eating disorders 34 Suppl, S19-
29. doi: 10.1002/eat.10202. 
 
Stuber, G.D., Klanker, M., de Ridder, B., Bowers, M.S., Joosten, R.N., 
Feenstra, M.G., and Bonci, A. (2008). Reward-predictive cues enhance 
excitatory synaptic strength onto midbrain dopamine neurons. Science 
321(5896), 1690-1692. doi: 10.1126/science.1160873. 
 
Stunkard, A.J. (1957). The dieting depression; incidence and clinical 
characteristics of untoward responses to weight reduction regimens. 
The American journal of medicine 23(1), 77-86. 
 
Sukhanov, I., Caffino, L., Efimova, E.V., Espinoza, S., Sotnikova, T.D., Cervo, 
L., Fumagalli, F., and Gainetdinov, R.R. (2016). Increased context-
dependent conditioning to amphetamine in mice lacking TAAR1. 
Pharmacological research 103, 206-214. doi: 
10.1016/j.phrs.2015.11.002. 
 
Svaldi, J., Naumann, E., Trentowska, M., and Schmitz, F. (2014). General 
and food-specific inhibitory deficits in binge eating disorder. The 
international journal of eating disorders 47(5), 534-542. doi: 
10.1002/eat.22260. 
 
Tao, R., Huang, X., Wang, J., Zhang, H., Zhang, Y., and Li, M. (2010). 
Proposed diagnostic criteria for internet addiction. Addiction 105(3), 
556-564. doi: 10.1111/j.1360-0443.2009.02828.x. 
 
Tapia, M.A., Lee, J.R., Weise, V.N., Tamasi, A.M., and Will, M.J. (2019). Sex 
differences in hedonic and homeostatic aspects of palatable food 
motivation. Behavioural brain research 359, 396-400. doi: 
10.1016/j.bbr.2018.11.023. 
 
Teegarden, S.L., and Bale, T.L. (2007). Decreases in dietary preference 
produce increased emotionality and risk for dietary relapse. Biological 
psychiatry 61(9), 1021-1029. doi: 10.1016/j.biopsych.2006.09.032. 
 
Teegarden, S.L., and Bale, T.L. (2008). Effects of stress on dietary preference 
and intake are dependent on access and stress sensitivity. Physiology 





Teegarden, S.L., Scott, A.N., and Bale, T.L. (2009). Early life exposure to a 
high fat diet promotes long-term changes in dietary preferences and 
central reward signaling. Neuroscience 162(4), 924-932. doi: 
10.1016/j.neuroscience.2009.05.029. 
 
Thanarajah, S.E., Backes, H., DiFeliceantonio, A.G., Albus, K., Cremer, A.L., 
Hanssen, R., Lippert, R.N., Cornely, O.A., Small, D.M., Brüning, J.C., 
and Tittgemeyer, M. (2018). Food Intake Recruits Orosensory and 
Post-ingestive Dopaminergic Circuits to Affect Eating Desire in 
Humans. Cell Metabolism In press. doi: 
doi.org/10.1016/j.cmet.2018.12.006. 
 
The National Institute of Mental Health (2013). Research Domain Criteria 
(RDoC) [Online]. Available: https://www.nimh.nih.gov/research-
priorities/rdoc/constructs/rdoc-matrix.shtml [Accessed]. 
 
Thorn, D.A., Jing, L., Qiu, Y., Gancarz-Kausch, A.M., Galuska, C.M., Dietz, 
D.M., Zhang, Y., and Li, J.X. (2014). Effects of the trace amine-
associated receptor 1 agonist RO5263397 on abuse-related effects of 
cocaine in rats. Neuropsychopharmacology 39(10), 2309-2316. doi: 
10.1038/npp.2014.91. 
 
Tomasi, D., and Volkow, N.D. (2013). Striatocortical pathway dysfunction in 
addiction and obesity: differences and similarities. Critical reviews in 
biochemistry and molecular biology 48(1), 1-19. doi: 
10.3109/10409238.2012.735642. 
 
Tomiyama, A.J., Dallman, M.F., and Epel, E.S. (2011). Comfort food is 
comforting to those most stressed: evidence of the chronic stress 
response network in high stress women. Psychoneuroendocrinology 
36(10), 1513-1519. doi: 10.1016/j.psyneuen.2011.04.005. 
 
Uslaner, J.M., and Robinson, T.E. (2006). Subthalamic nucleus lesions 
increase impulsive action and decrease impulsive choice - mediation by 
enhanced incentive motivation? The European journal of neuroscience 
24(8), 2345-2354. doi: 10.1111/j.1460-9568.2006.05117.x. 
 
Valenstein, E.S., Cox, V.C., and Kakolewski, J.W. (1967). Polydipsia elicited 






Valenza, M., Steardo, L., Cottone, P., and Sabino, V. (2015). Diet-induced 
obesity and diet-resistant rats: differences in the rewarding and 
anorectic effects of D-amphetamine. Psychopharmacology 232(17), 
3215-3226. doi: 10.1007/s00213-015-3981-3. 
 
van de Giessen, E., Celik, F., Schweitzer, D.H., van den Brink, W., and Booij, 
J. (2014). Dopamine D2/3 receptor availability and amphetamine-
induced dopamine release in obesity. Journal of psychopharmacology 
28(9), 866-873. doi: 10.1177/0269881114531664. 
 
van Huijstee, A.N., and Mansvelder, H.D. (2014). Glutamatergic synaptic 
plasticity in the mesocorticolimbic system in addiction. Frontiers in 
cellular neuroscience 8, 466. doi: 10.3389/fncel.2014.00466. 
 
Vanderschuren, L.J., and Everitt, B.J. (2004). Drug seeking becomes 
compulsive after prolonged cocaine self-administration. Science 
305(5686), 1017-1019. doi: 10.1126/science.1098975. 
 
Velazquez-Sanchez, C., Ferragud, A., Moore, C.F., Everitt, B.J., Sabino, V., 
and Cottone, P. (2014). High trait impulsivity predicts food addiction-
like behavior in the rat. Neuropsychopharmacology 39(10), 2463-2472. 
doi: 10.1038/npp.2014.98. 
 
Velazquez-Sanchez, C., Ferragud, A., Renau-Piqueras, J., and Canales, J.J. 
(2011). Therapeutic-like properties of a dopamine uptake inhibitor in 
animal models of amphetamine addiction. International journal of 
neuropsychopharmacology 14(5), 655-665. doi: 
10.1017/S1461145710000969. 
 
Velazquez-Sanchez, C., Santos, J.W., Smith, K.L., Ferragud, A., Sabino, V., 
and Cottone, P. (2015). Seeking behavior, place conditioning, and 
resistance to conditioned suppression of feeding in rats intermittently 
exposed to palatable food. Behavioral neuroscience 129(2), 219-224. doi: 
10.1037/bne0000042. 
 
Vengeliene, V., Bespalov, A., Rossmanith, M., Horschitz, S., Berger, S., Relo, 
A.L., Noori, H.R., Schneider, P., Enkel, T., Bartsch, D., Schneider, M., 
Behl, B., Hansson, A.C., Schloss, P., and Spanagel, R. (2017). Towards 
trans-diagnostic mechanisms in psychiatry: neurobehavioral profile of 
rats with a loss-of-function point mutation in the dopamine transporter 






Vitale, M.A., Chen, D., and Kanarek, R.B. (2003). Chronic access to a sucrose 
solution enhances the development of conditioned place preferences for 
fentanyl and amphetamine in male Long-Evans rats. Pharmacology, 
biochemistry, and behavior 74(3), 529-539. 
 
Volkow, N.D., and Fowler, J.S. (2000). Addiction, a disease of compulsion and 
drive: involvement of the orbitofrontal cortex. Cerebral cortex 10(3), 
318-325. 
 
Volkow, N.D., Fowler, J.S., Wang, G.J., Hitzemann, R., Logan, J., Schlyer, 
D.J., Dewey, S.L., and Wolf, A.P. (1993). Decreased dopamine D2 
receptor availability is associated with reduced frontal metabolism in 
cocaine abusers. Synapse 14(2), 169-177. doi: 10.1002/syn.890140210. 
 
Volkow, N.D., Wang, G.J., Fowler, J.S., and Telang, F. (2008a). Overlapping 
neuronal circuits in addiction and obesity: evidence of systems 
pathology. Philosophical transactions of the Royal Society of London. 
Series B, Biological sciences 363(1507), 3191-3200. doi: 
10.1098/rstb.2008.0107. 
 
Volkow, N.D., Wang, G.J., Telang, F., Fowler, J.S., Thanos, P.K., Logan, J., 
Alexoff, D., Ding, Y.S., Wong, C., Ma, Y., and Pradhan, K. (2008b). Low 
dopamine striatal D2 receptors are associated with prefrontal 
metabolism in obese subjects: possible contributing factors. 
NeuroImage 42(4), 1537-1543. doi: 10.1016/j.neuroimage.2008.06.002. 
 
Volkow, N.D., Wang, G.J., Tomasi, D., and Baler, R.D. (2013a). The addictive 
dimensionality of obesity. Biological psychiatry 73(9), 811-818. doi: 
10.1016/j.biopsych.2012.12.020. 
 
Volkow, N.D., Wang, G.J., Tomasi, D., and Baler, R.D. (2013b). Obesity and 
addiction: neurobiological overlaps. Obesity reviews 14(1), 2-18. doi: 
10.1111/j.1467-789X.2012.01031.x. 
 
Volkow, N.D., and Wise, R.A. (2005). How can drug addiction help us 
understand obesity? 8(5), 555-560. 
 
Voon, V., Derbyshire, K., Ruck, C., Irvine, M.A., Worbe, Y., Enander, J., 
Schreiber, L.R., Gillan, C., Fineberg, N.A., Sahakian, B.J., Robbins, 
T.W., Harrison, N.A., Wood, J., Daw, N.D., Dayan, P., Grant, J.E., and 




towards learning habits. Molecular psychiatry 20(3), 345-352. doi: 
10.1038/mp.2014.44. 
 
Wallace, D.L., Vialou, V., Rios, L., Carle-Florence, T.L., Chakravarty, S., 
Kumar, A., Graham, D.L., Green, T.A., Kirk, A., Iniguez, S.D., Perrotti, 
L.I., Barrot, M., DiLeone, R.J., Nestler, E.J., and Bolanos-Guzman, 
C.A. (2008). The influence of DeltaFosB in the nucleus accumbens on 
natural reward-related behavior. The journal of neuroscience 28(41), 
10272-10277. doi: 10.1523/JNEUROSCI.1531-08.2008. 
 
Wang, G.J., Volkow, N.D., Logan, J., Pappas, N.R., Wong, C.T., Zhu, W., 
Netusil, N., and Fowler, J.S. (2001). Brain dopamine and obesity. 
Lancet 357(9253), 354-357. 
 
Wang, N., Su, P., Zhang, Y., Lu, J., Xing, B., Kang, K., Li, W., and Wang, Y. 
(2014). Protein kinase D1-dependent phosphorylation of dopamine D1 
receptor regulates cocaine-induced behavioral responses. 
Neuropsychopharmacology : official publication of the American College 
of Neuropsychopharmacology 39(5), 1290-1301. doi: 
10.1038/npp.2013.341. 
 
Wang, Q., Chen, C., Cai, Y., Li, S., Zhao, X., Zheng, L., Zhang, H., Liu, J., 
Chen, C., and Xue, G. (2016). Dissociated neural substrates underlying 
impulsive choice and impulsive action. NeuroImage 134, 540-549. doi: 
10.1016/j.neuroimage.2016.04.010. 
 
Warschburger, P. (2005). The unhappy obese child. International journal of 
obesity 29 Suppl 2, S127-129. 
 
Weafer, J., and de Wit, H. (2014). Sex differences in impulsive action and 
impulsive choice. Addictive behaviors 39(11), 1573-1579. doi: 
10.1016/j.addbeh.2013.10.033. 
 
Wells, A.S., Read, N.W., Laugharne, J.D., and Ahluwalia, N.S. (1998). 
Alterations in mood after changing to a low-fat diet. The British 
journal of nutrition 79(1), 23-30. 
 
Werme, M., Messer, C., Olson, L., Gilden, L., Thoren, P., Nestler, E.J., and 
Brene, S. (2002). Delta FosB regulates wheel running. The journal of 





Wiley, J.L., Compton, A.D., and Golden, K.M. (2000). Separation of drug 
effects on timing and behavioral inhibition by increased stimulus 
control. Experimental and clinical psychopharmacology 8(4), 451-461. 
 
Wilfley, D.E., Friedman, M.A., Dounchis, J.Z., Stein, R.I., Welch, R.R., and 
Ball, S.A. (2000). Comorbid psychopathology in binge eating disorder: 
relation to eating disorder severity at baseline and following 
treatment. Journal of consulting and clinical psychology 68(4), 641-
649. 
 
Wolf, A.M., and Colditz, G.A. (1998). Current estimates of the economic cost 
of obesity in the United States. Obesity research 6(2), 97-106. 
 
Wolinsky, T.D., Swanson, C.J., Smith, K.E., Zhong, H., Borowsky, B., 
Seeman, P., Branchek, T., and Gerald, C.P. (2007). The Trace Amine 1 
receptor knockout mouse: an animal model with relevance to 
schizophrenia. Genes, Brain, and Behavior 6(7), 628-639. doi: 
10.1111/j.1601-183X.2006.00292.x. 
 
World Health Organization (2000). "Obesity: preventing and managing the 
global epidemic. Report of a WHO consultation", in: World Health 
Organization Technical Report Series.). 
 
Wray, I., and Dickerson, M.G. (1981). Cessation of high frequency gambling 
and "withdrawal' symptoms. British journal of addiction 76(4), 401-
405. 
 
Wu, M., Hartmann, M., Skunde, M., Herzog, W., and Friederich, H.C. (2013). 
Inhibitory control in bulimic-type eating disorders: a systematic review 
and meta-analysis. PloS one 8(12), e83412. doi: 
10.1371/journal.pone.0083412. 
 
Xie, Z., and Miller, G.M. (2009). Trace amine-associated receptor 1 as a 
monoaminergic modulator in brain. Biochemical pharmacology 78(9), 
1095-1104. doi: 10.1016/j.bcp.2009.05.031. 
 
Xue, Y.X., Xue, L.F., Liu, J.F., He, J., Deng, J.H., Sun, S.C., Han, H.B., Luo, 
Y.X., Xu, L.Z., Wu, P., and Lu, L. (2014). Depletion of perineuronal 
nets in the amygdala to enhance the erasure of drug memories. The 
Journal of neuroscience : the official journal of the Society for 






Yanovski, S.Z., Nelson, J.E., Dubbert, B.K., and Spitzer, R.L. (1993). 
Association of binge eating disorder and psychiatric comorbidity in 
obese subjects. The American journal of psychiatry 150(10), 1472-1479. 
doi: 10.1176/ajp.150.10.1472. 
 
Zapata, A., Minney, V.L., and Shippenberg, T.S. (2010). Shift from goal-
directed to habitual cocaine seeking after prolonged experience in rats. 
The journal of neuroscience 30(46), 15457-15463. doi: 
10.1523/JNEUROSCI.4072-10.2010. 
 
Zeeb, F.D., Soko, A.D., Ji, X., and Fletcher, P.J. (2016). Low Impulsive Action, 
but not Impulsive Choice, Predicts Greater Conditioned Reinforcer 
Salience and Augmented Nucleus Accumbens Dopamine Release. 
Neuropsychopharmacology 41(8), 2091-2100. doi: 10.1038/npp.2016.9. 
 
Ziauddeen, H., Farooqi, I.S., and Fletcher, P.C. (2012). Obesity and the brain: 
how convincing is the addiction model? Nature reviews neuroscience 
13(4), 279-286. doi: 10.1038/nrn3212. 
 
Zorrilla, E.P., Inoue, K., Fekete, E.M., Tabarin, A., Valdez, G.R., and Koob, 
G.F. (2005). Measuring meals: structure of prandial food and water 
intake of rats. Americal journal of physiology- regulatory, integrative, 
and comparative physiology 288(6), R1450-R1467. 
 
 
  
 212 
CURRICULUM VITAE 
 
 
213 
 214 
 215 
 216 
 217 
 218 
